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ABSTRACT 
Nanotribological and Nanomechanical Investigation of Nanomaterials 
by 
Jiangnan Zhang 
This dissertation primarily documents the quantification of the interfacial 
behavior of carbon based nanomaterials, which includes two categories, one is the 
nanofriction properties evaluation of aligned carbon nanotubes (CNTs) carpets, few-layer 
graphene as well as three types of functionalized graphene nanoribbons, the second is the 
mechanical characterization of individual functionalized carbon nanofibers (CNFs) and 
the interfacial fracture toughness quantification in CNTs/polymer derived ceramics 
nanocomposite. The aligned CNTs carpets have a highly anisotropic friction behavior, 
which means the friction force are lower for transversely aligned CNTs side than for 
vertically aligned CNTs surface. We can also tune the friction properties of graphene 
nanoribbons by grafting different functional groups. In addition, two narrow angular 
regions with high friction, separated by a wide angular interval with low friction, were 
identified between graphene and highly oriented pyrolytic graphite. The distance between 
the two friction peaks is 61◦, which corresponds well with the 60◦ symmetry of individual 
atomic layers in the graphite lattice. The technique that involves the usage of 
mcirodevices and nanoidenter was used to conduct tensile tests on pristine, fluorinated 
and amino-functionalized CNFs, which were found to exhibit varied load-bearing 
abilities and unique fracture modes. The technique was also used to perform single fiber 
pullout experiments to study CNTs/polymer derived ceramic interface.  
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Chapter 1 
1. Introduction 
1.1.  Nanomaterials 
Nanomaterials are of special interests to the materials-research community over 
the past couple of decades, due to their potential applications in catalysts[1-4], 
biomedicines[5, 6], and electronics[7, 8]. Probably unbeknownst to us, nanomaterials 
have become part of our everyday lives. For example, nanoparticles of metal oxide have 
been used in sun lotions to block ultraviolet lights and nanomaterial thin films have been 
applied in the central processing unit (CPU) of our computers[9], which have brought 
about real technological revolutions. 
The research of nanomaterials concentrates on the creation and exploitation of 
materials which have morphological characteristics from atoms to bulk material and with 
at least one dimension in the nanoscale range. Figure 1.1 shows the typical ranges of 
some materials. Nanomaterials are not a simple extension of miniaturization from 
microscale down to nanoscale. Microscale materials mostly exhibit the same physical 
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properties as bulk materials. However, properties of nanomaterials are significantly 
different from those of bulk materials, such as the lower melting point, the enhanced 
mechanical strength, and the shift of absorption spectrum. 
Therefore, the research on nanomaterials aims to obtain an in depth understanding 
of the new phenomena of nanomaterials, to further develop novel functional materials 
and to boost the invention of new devices. To achieve such goals, scientific areas such as 
physics, chemistry, materials science and biology have been integrated in the course of 
enquiry. 
Figure 1.1 Illustration of length-scale effects on the mechanical properties of 
materials. 
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A great example of a (quasi) 1-D nanomaterial is a carbon nanotube (CNT), a 
molecular scale fibrous structure made of carbon atoms (see Figure 1.2). The simplest 
way to envision the structure of a CNT is to imagine a flat sheet of graphite (graphene) 
rolled into the form of a hollow cylinder. There are basically two structurally distinct 
classes. In 1991, S. Iijima of NEC in Japan discovered single walled carbon nanotubes 
(SWNTs), by adding transition-metal catalysts into carbon in an arc discharge[10]. 
SWNTs produced by most techniques are nearly uniform in diameter (generally between 
0.5 to 2 nm) and have the tendency to self-organize into “rope” held together by van der 
Waals interaction. The second type of CNTs is multi-walled CNTs (MWNTs), which 
exhibits a Russian doll-like structure of nested concentric tubes. Their interlayer spacing 
can range from 0.342 to 0.375 nm, depending on the diameter and number of shells 
comprising the tube. Due to the excellent physical properties, CNTs and their 
nanocomposites have attracted more and more research attention in recent years. 
 
Figure 1.2 (a) TEM image of bundles of MWNTs, (b) SEM image of MWNTs 
carpet. 
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Very recently, another promising nanomaterial, graphene has drawn high interests 
from both academic research and industrial applications (see Figure 1.3). It is the firstly 
found real 2-D materials which is a monolayer of carbon atoms packed into a hexagonal 
lattice[11]. The sheet has ultrahigh mechanical strength, conductivity with high electron 
mobility and optical transparency[12]. These exceptional properties make it promising 
material for flexible or transparent electronics[13], micro/nano-electromechanical 
systems (M/NEMS), bio-sensors etc[14]. The most common method of graphene 
fabrication is the exfoliation which finds its roots with a technique that has been around 
for centuries-writing with a graphite pencil. Andre Geim’s group successfully peeled few 
atomic layers of graphene; by gently rubbing or pressing a freshly cleaved graphite 
crystal on an oxidized silicon wafer graphene flakes with the correct thickness of 
oxide[11]. This technique simplifies the process of finding single graphene sheets but 
obviously limits this fabrication scheme to devices for research purposes. Several other 
attempts to improve the quality and yield of exfoliation technique have been employed. 
These include stamping methods which use silicon pillars to transfer graphene flakes[15] 
and electrostatic voltage assisted exfoliation which use electrostatic forces to controllably 
separate graphene from bulk crystals[16]. The technique which currently seems to have 
the greatest potential for mass production is the direct growth of graphene. Typically this 
is accomplished by heating a SiC wafer which results in the partial graphitization of the 
upper layer. Chemical vapor deposition (CVD)[17] and molecular beam epitaxy 
(MBE)[18] are two other potential routes to graphene growth. However, wide spread 
applicability of graphene is limited by the crude and time consuming methods currently 
used to fabricate and isolate single graphene sheets. 
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Figure 1.3 (a) Atomic-scale honeycomb lattice of graphene structure, (b) 
Transmission electron microscope image of few layer graphene. 
1.2. Interfacial Characteristics of Nanomaterials 
Due to the small size, the surface area of the nanomaterials is much larger than 
that of bulk materials, leading to a large fraction of surface atoms, large surface energy 
and reduced imperfections. Moreover, the nanoparticles can be assembled into various 
nanostructures and microstructures. These features give unique electrical, chemical, 
optical, and mechanical properties to nanomaterials, which would inspire the creation and 
fabrication of new devices and the invention of new technologies. For instance, 
nanomaterials have a significantly lower melting point than bulk materials, due to a large 
fraction of surface atoms in the total amount of atoms. The melting point of bulk silver is 
as high as 1234 K[19], however, it decreases rapidly to only 375 K for silver 
nanoparticles with sizes below 5 nm. Because silver nanoparticles can be annealed under 
373 K to form silver wires, the silver nanoparticle dispersion can be used to print circuits 
onto plastics, films and textiles[20]. 
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It is significant that compression and tensile testing of nanomaterials revealed 
different values of their strength and, in particular, ductility. The study of hardness, 
fracture stress and ductility of warm-compacted nanocrystalline iron powder compacts of 
a near theoretical density revealed that the values of hardness increased and those of 
fracture stress and elongation to failure decreased significantly with decreasing the grain 
size in the range from 33 to 8 nm[20]. This is connected with the dramatic effect of 
processing defects such as flaws, micropores, etc., on the tensile values of strength. The 
presence of processing defects was confirmed by the scanning electron microscope (SEM) 
examination. Hence there are many reasons for masking size effects in nanomaterials. 
The processing history has a critical effect on the structure of interfaces in these subjects 
and the detail characterization by several independent methods is very important. The 
different features of the grain size determination by the X-ray diffraction and 
transmission electron microscope (TEM) examination as applied to nanostructured Pd 
samples have been discussed in detail by Krill and Birringer[21]. The presence of 
impurities in nanomaterials and their possible segregation on the grain boundaries may 
also change the properties with reduction of the grain size. Especially as that, from 
general consideration and some calculations, the segregation effect must be intensified 
within the nanometer interval. 
Some of the most important properties of materials in high-technology 
applications are strongly influenced or even controlled by the presence of the interfaces. 
For example, interfaces are the critical element in fiber-reinforced structural ceramics 
with mechanical properties not imagined a decade or two ago. Besides, the entire 
electronics industry is based on the fascinating electrical properties of semiconductor 
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interfaces, with ceramic-semiconductor, metal-semiconductor and metal-ceramic 
interfaces playing critical roles as well. Further examples are surface-modification 
techniques, designed to enhance the corrosion resistance of materials in hostile 
environments, or tailed for tribological or catalytic applications. In contrast to their 
enormous technological importance, our basic understanding of even the simplest 
interfaces is rudimentary at best. It is increasingly recognized, however, that truly 
significant technological advances can come from a better understanding and control of 
interfacial processes.  
The interfacial phenomena between different phases with a planned structure and 
planned properties have become extremely important in recent years. This has provided 
opportunities to produce interfaces with promising surface structures and properties on 
various solid interfaces. Whenever different solid surfaces are brought into contact 
adhesion can occur at the solid interface; the different solid surfaces include the 
CNFs/CNTs reinforced composites, laminated plastics, coatings, and compounded and 
reinforced rubbers. 
1.2.1. Friction 
1.2.1.1. Introduction to Friction Study 
Friction is defined as the resistance to motion. The fundamental comprehension of 
this phenomenon remains intriguingly incomplete, though seemingly simple and 
considered to be one of the oldest scientific subjects in human history. Friction inflicts an 
irretrievable loss of energy and a seriously reduction of the efficiency of the conversion 
and consumption of human’s energy resources. The recognition that understanding and 
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controlling friction, lubrication and wear is very urgent and thus forms a highly relevant 
area of fundamental and application-oriented research has been achieved in view of the 
increasing need for energy and the decreasing resources of available energy.  
Nanotribology involves adhesion, friction, wear, and lubrication phenomenon 
study.  The Greek verb τριβος means ‘to rub’ and hence the term represents the study of 
rubbing. The pioneering documented research was traced back to five centuries ago, 
carried out by Leonardo da Vinci. However, until the 17
th
 century when a French scientist, 
Guillaume Amontons, initially unveiled Leonardo’s insights and generalized two basic, 
empirical laws of sliding friction, namely that (a) friction is proportional to the applied 
normal force and (b) friction is independent of the contact area of the sliding surfaces. A 
century later, Charles Augustin de Coulomb introduced the third empirical law, namely 
that the friction force is independent of the sliding velocity, once sliding has started. 
Together, these three ‘laws’ are known as the Da-Vinci-Amontons-Coulomb, or the 
Amontons-Coulomb laws of sliding friction.  
The second friction law implies that the contact area should be of primary 
importance while friction is brought about by the interaction between surfaces. The 
reason lies in that friction is generated at the contacts between micro asperities of the two 
sliding surfaces; in fact, friction does depend on the real area of contact, but not on the 
apparent contact area of the sliding surfaces. As we will see later in this dissertation, 
experiments with atomically smooth graphene surfaces that can exhibit substantial 
friction have shown that the interlocking of micro-asperities is not a necessary element of 
the energy dissipation mechanism.  
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A more defined instrumentation with sensitivity for distances and forces down to 
the atomic scale has pushed the progress in this research field to a higher level. With the 
introduction of such techniques, only a few decades ago, the focus has shifted from large, 
multi-asperity contacts to the forces generated by individual, micron- and submicron 
sized asperities. One example of the more complex instrumentation with high precision 
for force measurements is the Surface Forces Apparatus (SFA), an ingenious instrument 
developed by Tabor and Winterton in 1968 enabled the detailed study of atomically 
smooth (mica) surfaces in contact[22]. This instrument is very popular for the study of 
the behavior of molecularly thin liquid films. Additionally, a very recent technique, based 
on the quartz crystal microbalance (QCM), permits sliding friction processes to studied at 
the angstrom level and at time scales in the nanosecond range. Krim et al. have employed 
this technique to quantify the behavior of smooth monolayers of molecules sliding over 
the surface on which they are adsorbed[23]. Though the field of nanoscale friction and 
lubrication was developing at that time, the term nanotribology was first used by Krim, in 
a publication that appeared in 1991[23]. 
Although the SFA and the QCM are accurate enough to measure forces down to 
the scale of atomic friction, they suffer from the limitation of comparatively large areas 
of contact, typically of several square micrometers and more. The need of comparatively 
small contact area led to the development, in the mid-1980, of the Atomic Force 
Microscope (AFM) by Binning, Quate, and Gerber that enabled the detection of atomic 
scale features on a wide range of surfaces. The AFM really allows for nanoscale force 
measurements, as it naturally limits the contact size to the nanometer regime. Mate and 
colleagues adapted the AFM to measure lateral forces and they demonstrated the atomic-
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scale stick-slip motion of a sharp tungsten tip over a graphite surface. This experiment 
has initiated a new approach in nanotribology. An atomic force microscope used for 
measuring lateral forces is now referred to as a Lateral or Friction Force Microscope 
(FFM). 
1.2.1.2. Friction at nanoscale 
 The understanding of friction at nanoscale is a current important problem from 
both a fundamental and a technological perspective in wide ranges of length and time 
scales. On the one hand the understanding of friction at nanoscale is fundamental for the 
manipulation of nanoparticles and the miniaturization of moving devices as NEMS, for 
instance. On the other hand friction is complex nonlinear phenomenon of fundamental 
interest in many scientific areas. The development of new experimental techniques such 
as the force friction microscope and the surface force apparatus, experimental and 
theoretical studies of friction at the atomic scale has received a significant attention. 
Two categories of theories were proposed in order to explain the friction 
phenomenon at the small scales. The first one is based on continuum contact mechanics 
theories such as classic Hertz’s theory, Johnson-Kendall-Roberts (JKR), Derjagin-
Muller-Toropov (DMT) models, which relate friction with normal load through constant 
shear strength and a varying contact surface area with respect to the normal load[24-27]. 
The other category was based on Tomlinson’s model[28], which assumes atomically flat 
contacting surfaces and has a fluctuating potential field related to the arrangement of 
surface atoms. 
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The Hertz theory to predict the deformed profile of two spheres in contact is 
shown in Figure 1.4 where the arrows indicate the applied compressive load P. This 
theory has shown great success to accurately describe the contact between elastic bodies 
in the absence of adhesion. However, JKR theory predicts the relationship between 
contact area and normal load for relatively compliant materials and strong adhesive 
forces where DMT theory works for relatively stiff materials and weak adhesive forces. 
 
Figure 1.4 Comparison of different friction models. Normal load P is applied to 
compress two spheres. 
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Friction has been proposed to be a phenomenon caused only by the surfaces of the 
sliding bodies. The proposal by Zhong et al was that the friction is related to the bonding 
energy between the surfaces, so that the friction coefficient is related to the adsorption 
energy of the sliding surfaces on each other[29]. The authors showed that if a monolayer 
of Pd atoms slides over a graphite lattice, the coefficient of friction is very low because 
the adsorption energy of Pd on graphite is low. This theory neglects all effects of the 
atomic layers underlying the sliding surfaces. 
To investigate the force of adhesion between a surface and a nano-asperity, 
atomic force microscopes are widely used. But it is extremely difficult to identify the 
precise contact area, especially in this case when the tip snaps away from the surface. 
This makes it difficult to quantify the relation between the contact area of the nano-
asperity and friction at the nanoscale. Another selection is to employ different sized 
nanoclustered materials deposited on a well-defined surface and drag them along the 
surface with an AFM tip. Nanoclusters of different sizes on the surface provide different 
areas of contact, which can be used to quantify the area-dependence of friction. 
Quantified frictional properties of antimony nanoparticles grown on highly oriented 
pyrolytic graphite (HOPG) and pushed with the tip of an AFM have been described 
recently. These experiments indicate the linear dependence of friction force on the 
contact area and the main feature found is that islands with area less than 10
4
 nm
2
 are 
much easier to move than the ones with larger contact areas. In fact, it was not long 
before that the origin of lubrication of graphite was revealed, which involves the atomic-
scale geometrical details of the contacting surfaces. 
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The interfacial behavior of carbon based nanomaterials, especially friction and 
adhesion, has been dramatically investigated before. Hirano et al. predicted that friction 
would vanish when two contacting surfaces are laterally stiff and incommensurate[30]. 
Socoliuc et al. showed that friction could be reduced dramatically at nanoscale by 
introducing a small vibrating force to the interface[31]. Additionally, Hirata and 
Yoshioka studied sliding friction properties of microwave-plasma-enhanced chemical 
vapor deposition (MPCVD) deposited CNTs on different substrates by means of steel 
ball-on-disk type of testing[32]. Based on friction coefficient measurements, they found 
that friction force was reduced when CNTs had less defects and higher crystallinity, and 
also when tests were conducted in vacuum. Tu et al. used both atomic force microscope 
(AFM) and a ball-on-disk tribometer for friction study of carbon nanotubes embedded in 
anodic aluminum oxide template[33]. They found a linear relationship between friction 
force and normal load in their nanoscale AFM based tests, and a decrease of friction 
coefficient with increasing sliding velocity from 0.04 m/s to 0.16 m/s in their ball-on-disk 
based tests. 
1.2.2. Mechanics at small scales 
As materials become smaller and smaller, the surface-to-volume ratio increases 
significantly, the mechanical performance changes dramatically. For instance, when a 
thin film’s dimensions begin to approach that of its microstructural features, mechanical 
properties such as plasticity, fracture toughness and fatigue resistance begin to exhibit 
size effects. The strength of materials with pre-existing dislocations can be increased by 
reducing systems’ characteristic length scales. For carbon based nanomaterials such as 
CNFs/CNTs, graphene, dislocations also play an important role in the relaxation and 
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intramolecular plasticity[34]. Specifically, the formation of 5-7 Stone-Wales (SW) 
defects which depends upon strain, symmetry, time and temperature greatly effect CNTs 
relaxation under tension. Elastic properties are dependent on the nature of bonding and 
only exhibit size effects at the atomic scale. However, as the grain size or structural 
dimension fall below 50 nm, mechanical behavior control is transitioned from dislocation 
based mechanisms to surface and intermolecular mechanisms. 
CNFs/CNTs have received major attention as composite material fillers due to 
their immense specific surface area. The high tensile strength of CNFs and CNTs 
supports polymer matrix strengthening and stiffening assuming good interfacial adhesion 
and nanofiber alignment. The realization of the traits of nanoscale fillers relies on the 
specific condition that their interfaces are loaded near their maximum strength, which 
results in significant energy stored at the interface. The mechanism to release this energy 
controls the composite toughness, and it is dependent on local parameters, such as the 
interfacial shear strength, the clamping force that controls frictional nanofiber pull-out, 
and the matrix yield strength. In this regard, the interface properties of CNFs/CNTs are 
key in improving interfacial adhesion and load transfer. Over the last two decades, a 
number of testing methods have developed to assess the interfacial properties between 
nanofibers and matrices, and the validity of those methods has also been discussed 
extensively. Micro-mechanical testing methods, including single fiber fragmentation[35], 
single fiber pull-out[36], micro-bond and micro-indentation tests[37], can provide direct 
measurement of fiber-matrix interfacial properties. 
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Figure 1.5 Collage shows a few representative in situ mechanical testing techniques 
that are currently being used by researchers to study the mechanical properties of 
small scale materials. 
1.2.2.1. Mechanical Testing of Individual Carbon Nanotube/Carbon Nanofiber 
CNTs/CNFs has a distinct alliance of small size (diameter ranging from approx. 1 
to 100 nm and lengths up to several mm), low density, high stiffness, high strength 
(reported values vary between 30 and 110 GPa for MWNTs and between 13 and 53 GPa 
for SWNTs) and a broad range of electronic properties from metallic to p- and n-doped 
semiconducting. The Young’s modulus of a CNT has been theoretically estimated to be 
equal to 0.97 TPa (assuming the interlayer separation of graphite, 0.34 nm, to be equal to 
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the nanotube’s thickness), a value which is in good agreement with the C11 elastic 
constant of graphite. This value has been known to be practically independent of the 
tube’s chirality and diameter (in the range 0.68-27 nm). 
The mechanical properties quantification of individual CNTs can be extremely 
challenging due to their small scale and low magnitude of the forces and deformation 
involved. The pioneering quantifications of the mechanical properties of CNTs were thus 
indirect, based on measuring the amplitude of their thermally induced vibration inside a 
transmission electron microscope. The nanotubes were modeled as stochastically driven 
resonators and their Young’s moduli were estimated from their Gaussian vibrational 
profiles. From a series of measurements performed as a function of temperature an 
average Young’s modulus value of 1.8 GPa was obtained. A similar method, that 
involved the direct excitation of MWNTs using an AC electric field, was used 
subsequently by researchers to calculate the bending modulus. For nanotube diameters 
below 10 nm, a typical bending modulus value of 1 TPa was obtained, a value which 
reduced to 100 GPa for thicker tubes. Lateral and vertical bending of MWNTs, using an 
AFM prober to apply a known force, has also been employed in the past to investigate 
CNTs. The first quantitative measurement of Young’s modulus of MWNTs using an 
AFM-based set-up was reported by Wong et al. MWNTs were randomly dispersed on 
MoS2 single crystal and pinned on one side to this substrate by deposition of an array of 
square pads. Nanotubes were deformed laterally by an AFM tip and lateral force-distance 
curves were acquired, which were in turn used to deduce the mean value for MWNT 
Young’s modulus. Salvetat et al. measured Young’s modulus of isolated SWNTs, SWNT 
ropes and MWNTs produced using different methods as well as the shear modulus of 
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SWNT ropes. Their technique involved measuring the vertical deflection of CNTs 
bridging holes on an anodized alumina template. Young’s modulus of the order of 1 TPa 
for both isolated SWNTs and MWNTs (arc discharge grown) were reported, and no 
dependence of the mechanical response on the tube diameter was observed. However, 
they did observe that the mechanical properties of CNTs were dictated by the synthesis 
technique i.e. the extent of the degradation of the graphitic structure brought about by the 
introduction of defects during production. 
The initial measurement of the mechanical properties of CNTs via tensile testing 
relied on the application of axial strain using an AFM tip within a SEM chamber. One 
end of each nanotube was attached to a rigid AFM cantilever, driven using a linear piezo-
motor. The other end was attached to a compliant cantilever which acted as the load 
sensor. The technique was used to successfully test 7 MWNT specimens and their stress 
vs. strain curves were used to estimate MWNT Young’s moduli (value ranging from 270 
to 950 GPa were found). Examination of broken tubes revealed that nanotubes fractured 
via a ‘sword-in-sheath’ mechanism, wherein only the outer layer was found to be load-
bearing. Also, an average bending strength of 14 GPa and axial strength values up to 63 
GPa were observed for the arc discharge grown MWNTs. The authors were also able to 
measure the tensile properties of SWNT bundles using the same method they used for 
MWNTs study. They observed Young’s moduli in the range 0.32-1.47 TPa and strength 
between 10 and 52 GPa. Failure was found to occur only for the nanotubes on the 
perimeter of the bundle with the rest of the tubes simply slipping apart. 
A more recent work described tensile testing of individual MWNTs within a 
transmission electron microscope using a MEMS material testing system. The usage of 
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the MEMS device allowed the accurate measurement of both load and displacement 
simultaneously with TEM imaging. Load was applied using a thermal actuator on one 
side of the mobile testing stage, and displacement was measured using a MEMS 
differential capacitive sensor on the opposite end. The experimental measurement of 
single shell failure in multiwalled carbon nanotubes displayed fracture strength values as 
high as 100 GPa and fracture strains that are very close to theoretical prediction. Young’s 
Modulus values close to 1 TPa were reported. Interestingly, the authors also found that 
electron irradiation-induced crosslinking of multiwalled carbon nanotubes resulted in 
dramatic increase in sustainable loads. 
1.3. Organization of Thesis 
In summary, with our AFM platform and micro mechanical device, we are now 
able to perform in situ mechanical tests for carbon based nanomaterials (CNFs/CNTs, 
graphene nanoribbons, CNTs reinforced nanocomposite), which allows the systematic 
study on tribological properties, tensile strength, and interfacial fracture strength. The 
organization of the thesis will be: 
In Chapter 2, we will present the anisotropic friction behavior of aligned CNTs 
carpets and frictional characteristics of various graphene nanoribbons by the AFM 
platform. 
In Chapter 3, we will mainly explore the friction behavior at the atomic level, 
which includes size dependent, thermally activated atomic friction and the angle 
dependence friction between graphene and highly ordered pyrolytic graphite (HOPG). 
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In Chapter 4, we will present the interfacial fracture toughness measurement of 
CNTs reinforced polymer derived ceramics (PDC) composite. 
In Chapter 5, we will show the development and usage of the micro mechanical 
devices for in situ tensile testing of individual functionalized CNFs inside the SEM 
chamber.   
In Chapter 6, we will summarize some of our experiment results and make few 
conclusions for the whole thesis work. In addition, we will propose some possible future 
works. 
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Chapter 2 
2.Quantitatively Study of Nanofriction 
Behavior of Carbon Materials 
2.1. Anisotropic Nanofriction Behavior of Aligned Carbon Nanotube 
Carpet 
CNTs that possess many unique properties, such as high tensile and flexural 
strength, high elastic modulus and high aspect ratio[38], has made them attractive for use 
in applications where friction is important, such as NEMS system and composite[39]. 
Only a few theoretical and experimental studies on CNTs friction properties have 
been reported despite their exciting prospects in nanotribological applications. Ni et al. 
[40]simulated the friction between SWNTs bundles and hydrogen terminated diamond 
surfaces, and concluded that the responses to the applied shear forces depend on the 
orientation. Specifically, bundles that were oriented vertically to the sliding surfaces had 
higher friction coefficients than transversally aligned bundles. The tribological properties 
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of carbon nanotube arrays were also examined in experiments. Kionshita et al. showed 
very high friction coefficients of 1.0-2.2 for vertically aligned carbon nanotube forests 
with 6 µm length against gold tips of different radii[41]. Additionally, Dickrell et al. 
found the extremely high friction coefficient (µ=0.795) for vertically aligned CNTs films 
grown on rigid substrates and the very low friction coefficient (µ=0.090) for CNTs 
dispersed transversely on the same substrate[42, 43]. Moreover, they demonstrated the 
strong effects of surface chemistry and temperature on friction behaviors of both 
vertically and transversely oriented CNTs films. However, they claimed that the frictional 
anisotropy was insensitive to humidity, a finding with which we disagreed. The friction 
force in our system was found to be critically influenced by the relative humidity; with 
decreasing relative humidity the friction force drops.  One of the drawbacks for lateral 
force microscopy is the small tip-sample contact area by using traditional AFM tips. 
Therefore Lou and Kim employed bare and aluminum coated colloidal probes to quantify 
effects of interfaces on friction behavior of vertically aligned carbon nanotube arrays and 
found much higher friction forces for aluminum coated colloidal probes compared to bare 
borosilicate colloidal probes[44]. Besides CNTs arrays, the tribological properties of the 
individual nanotube were also examined using MD simulation[45], AFM[46, 47] and 
TEM with manipulator[48]. 
Using AFM, we quantitatively evaluated the adhesion and frictional properties of 
carbon nanotube carpet with two different tube orientations. Effects of relative humidity 
on friction and adhesion were thoroughly quantified in a chamber with well-controlled 
environment for both vertically aligned surface and transversely aligned surface. The 
 22 
friction force drop on both sides of the aligned carbon nanotube carpet as the relative 
humidity decreases. 
2.1.1. Aligned Carbon Nanotube Carpet 
The multi-walled carbon nanotubes carpets with two different orientations were 
prepared by a xylene-ferrocene CVD method. Typically, a xylene solution with a 
ferrocene concentration of 0.01 g/cm
3
 was used as carbon and catalyst precursors. During 
CVD process, Ar/H2 gas mixture (15vol% H2) was flowed through the reactor tube at a 
rate of 300 sccm. The xylene solution was fed to a preheating zone of 453 K by a flux 
pump continuously at a feeding rate of 0.11 cm
3
/min, which became vapor and then was 
carried by Ar/H2 gas (100 sccm) into the 1043 K growth zone. Several millimeter-thick 
carbon nanotube blocks could be prepared easily in few hours (1 to 4 hours). The 
morphology and individual diameter of CNTs arrays were characterized by SEM and 
TEM. Raman spectra were recorded using a Reni Shaw Raman scope equipped with a 
514.5 nm excitation source to confirm that the carbon nanotubes in the transversely 
aligned surface retained their character after regrowth. Static contact angles were 
measured by placing droplets of de-ionized water on both surfaces of the vertically-
aligned multi-walled carbon nanotubes (VAMWCNTs) and the transversely-aligned 
multi-walled carbon nanotubes (TAMWCNTs). 
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Figure 2.1 SEM images of: (a) Top view of TAMWCNT, (b) VAMWCNT, and the 
image was taken at a 43° tilt. 
  
Figure 2.2 TEM images of carbon nanotube: the diameter of CNTs is around 10 nm 
while the length is over a couple of micron.  
SEM images of the transversally and vertically aligned carbon carpet are shown in 
Figure 2.1. The TAMWCNT carpet was comprised of a distributed ensemble of 
entangled nanotubes oriented randomly in horizontal plane. The upright carbon nanotube 
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carpet was vertically aligned, with the last few micrometers of the top surface entangled 
and intertwined. The diameter of the individual nanotube was about 10 nm as shown in 
Figure 2.2. Because of the high anisotropy of geometric structure, mechanical, electrical 
and thermal properties of individual CNTs[49-51], it is expected that the frictional 
behavior of nanotubes is orientation dependent. The Raman spectra of both surfaces have 
been displayed in Figure 2.3, which had pronounced features at 1355 cm
-1
 (D mode), 
~1580 cm
-1
 (G mode), and ~2683 cm
-1
 (2D mode) for VAMWCNT while features at 
1354 cm
-1
 (D mode), ~1586 cm
-1
 (G mode), and ~2706 cm
-1
 (2D mode) for TAMWCNT. 
The intensity ratio of the D to G bands was 0.89 for both spectra. The shift in the disorder 
induced second order Raman peak is due to the residue compression strain [52, 53] which 
would not influence the tribological properties of multi-walled carbon nanotubes. 
 
Figure 2.3 Raman spectrums of both surfaces, the shifts in CNTs characteristic Raman 
peaks due to the compression strain would not affect the tribological behavior of 
CNTs arrays. 
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2.1.2. Colloidal Probe Preparation and Friction Testing Procedure 
A stable AFM signal cannot be obtained by sharp AFM probe because the nano-
sharp probe penetrates deeply into soft CNTs carpet.  Thus, a colloidal probe with a tip 
radius of 10 μm was employed to investigate the friction behavior of this CNTs carpet 
(See Figure 2.4). Borosilicate glass microspheres (Duke Scientific Corporation, diameter 
of 10.0±1.0 μm) were attached, with the aid of a micromanipulator Model No. 6200 to 
regular AFM cantilevers using Devcon 5-Minute® Epoxy adhesive. It was verified that 
bead was free of contamination from the epoxy from lateral image of the prepared probe 
as shown in Figure 2.4(a). Finally, while it was relatively easy to understand the 
penetration of nanoscale AFM tips into nanotube arrays, it may not be straightforward to 
imagine a 10 µm sized bead penetrating into nano-valleys. Although the glass bead 
appears smooth under optical microscope, its surface is not atomically flat. When 
scanned with the bead cantilever on calibration sharp arrays, it was revealed that the bead 
surface has nanometer roughness as shown in Figure 2.4(b). The nano-bumps on the 
surface play the same role as ordinary sharp AFM probes. Among all nano-bumps on the 
bead, only the longest one is in contact with the sample surface. 
  
 26 
Figure 2.4 (a) Colloidal bead AFM probe, (b) Three-dimensional profile of bead 
AFM probe. 
Lateral Force Microscopy (LFM, Pico plus, Agilent) evaluation were made on 
both the VAMWCNTs side and the TAMWCNTs side. The LFM scans were performed 
with progressively decreasing normal load for every 16 scans or so to measure the 
friction force as a function of the applied normal load. Both VAMWCNTs and 
TAMWCNTs sides were scanned at three different locations to ensure the proper 
representation of the sample surfaces. Scans were also repeated over the exact same 
location to check the reproducibility of the experiment. The test was run with a scan size 
of 10 μm at scan speed of 12 µm/s. 
To quantify the adhesion forces between the nanotubes surfaces and the AFM 
probe, force versus distance spectroscopy was run on both sides and the amount of 
adhesion was calculated. The adhesion forces were repeated 3 times at each location and 
at 3 different locations on each side. Humidity of the testing environment was controlled 
using an environmental isolation chamber. Controlled flow of nitrogen gas was used to 
create dry environment with RH less than 5% and around 10%. Both relative humidity 
and temperature were monitored using a digital hygrometer/thermometer before, during 
and after the actual testing. The testing conditions are summarized in Table 2.1.  
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Samples 
RH% 
(Ambient) 
RH% (Mild) 
RH% 
(Dry) 
TAMWNTs 
Arrays 
47.2~51.3 ~10 0.9~3.0 
VAMWNTs 
Arrays 
26.1~41.3 ~10 0.1~3.3 
Table 2.1 – Relative humidity conditions for experiment. 
2.1.3. Test Results and Discussion 
The variation of friction force with applied normal load for the TAMWCNTs 
array in the ambient environment (RH 47.2~51.3%) and for the VAMWCNTs array in 
the ambient condition (RH 26.1~41.3%) are displayed in Figure 2.5(a). Data from 
multiple tests overlap closer on the transversely aligned surface compared to the 
vertically aligned surface. This data overlap on the transversal surface reflects the more 
homogeneous local surface characteristics. Clearly, the friction force is higher on a 
vertically aligned CNTs surface than on a horizontally aligned CNTs surface, as 
predicted by MD simulations[40]. The frictional coefficient values of each test are 
calculated and shown in Figure 2.5(b). In air, the frictional coefficient values are 
obviously larger for VAMWCNTs than those of TAMWCNTs. The average value is 
µ=0.545 with a deviation of σ=0.057 for the vertically oriented side and µ=0.167 with 
σ=0.015 for the transversely aligned side. Nevertheless, it was considered that these 
results do not really reflect the origin of the frictional behavior of CNTs against their 
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sliding counterparts because the bending and local buckling of the CNTs could have 
substantially influenced the force variation in the sliding direction in tests. 
We consider that the lower friction on transversely aligned side could be due to 
the rolling of CNTs during contact sliding similar to a suggested mechanism of the low 
friction of graphite, because the CNTs in the films synthesized in this dissertation were 
loosely stacked and they could roll or slip under lateral sliding forces. In previous, 
Dickrell et al. performed a series of tribological experiment on both films using a 
borosilicate glass encounter surface at a normal load of 2mN, sliding speed of 300 µm/s 
and a tract length of 600 µm, while varying the film temperature. They found that the 
friction coefficient of the vertically-aligned film was approximately 10 times higher than 
the transversely distributed film and the friction coefficient monotonically decreased with 
the increase in temperature. They explained the anisotropy of friction through the contact 
area variation with CNTs orientation. Our investigations have clarified that the low 
friction phenomenon can be explained by the atomically smooth surface of a CNT as 
detailed below. A CNT is rolled from a graphite sheet. Hence, similar to a graphite sheet, 
a CNT is composed of planar sp2 hybridized carbon atoms, which gives an atomically 
smooth surface to the CNT. Because of the cylindrical shell structure of CNTs and their 
significantly large aspect ratio of length to diameter, transversely oriented CNT films 
always maintain the same smoothness advantage across any length scale from nano to 
microscopic dimensions. Hence, when a sliding is conducted to transversely oriented 
CNTs, the friction can be relatively low regardless of the dimensional scale of the sliding 
test. 
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Figure 2.5 (a) Friction force vs. applied normal load in ambient condition for 
TAMWCNTs and VAWCNTs. Solid lines: JKR fit.  Legends marked with (T) 
means TAMWCNTs while marker (V) means VAWCNTs.  (b) Friction coefficients 
summary. The friction forces (frictional coefficients) on the vertically aligned CNTs 
surface are much higher than those on the transversely aligned CNTs surface in 
ambient condition (26%~52% RH). 
  
Figure 2.6 (a) Friction force vs. applied normal load in dry condition for 
TAMWCNTs and VAMWCNTs. Solid lines: JKR fit (b) Friction coefficients 
summary. The friction forces (frictional coefficients) on the vertically aligned CNTs 
surface are slightly higher than those on the transversely aligned CNTs surface in 
dry condition (RH<3.3%). 
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Figure 2.7 (a) Friction force vs. applied normal load in mild condition for 
TAMWCNTs and VAMWCNTs. Solid lines: JKR fit. (b) Friction coefficients 
summary. The friction forces (frictional coefficients) on the vertically aligned CNTs 
surface are higher than those on the transversely aligned CNTs surface in dry 
condition (RH around 10%). 
To better understand the relationship between humidity and frictional properties, 
scans were also done at the other two different humidity levels. Friction forces of 
VAMWCNTs and TAMWCNTs plotted against normal load are shown in Figure 2.6(a) 
and Figure 2.7 (a) for both dry and mild condition. The variation of humidity is found to 
have a strong effect on friction force. Observed from Figure 2.6(a), the scattering of data 
from various tests on both surfaces is not distinct for the dry condition. Moreover, friction 
is apparently higher on the VAMWCNTs side than on the TAMWCNTs side. Similarly, 
the friction force dominates on the VAMWCNTs surface over the TAMWCNTs surface 
in Figure 2.7(a) when the relative humidity is around 10%. Although some researchers 
have demonstrated that humidity had an insignificant effect on the vertically aligned 
CNTs due to their highly hydrophobic characteristics[54-56], we draw a different 
conclusion: The friction forces are dependent upon the relative humidity levels based on 
Figure 2.5 to Figure 2.7, regardless of the orientation of the sample. Figure 2.6(b) and 
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Figure 2.7(b) show the coefficient of friction values of each orientation for both dry and 
mild conditions. In the dry condition, µ=0.184 with σ=0.013 for the vertically aligned 
side and µ=0.091 with σ=0.018 for the transversely aligned side. Analogously, in the 
mild condition, µ=0.342 with σ=0.029 for the vertically aligned surface and µ=0.173 with 
σ=0.025 for the transversely aligned surface. 
For the sake of quantitatively studying the relative humidity as well as the 
orientation effects on the friction forces, the average friction forces are calculated and 
plotted against the applied load (Figure 2.8) for both orientations. In all cases, the 
humidity dependence on the frictional forces is present, but with characteristic 
differences depending on the CNTs orientations. For vertically aligned CNTs, the 
average frictional forces increase significantly with rising relative humidity, for 
transversely aligned CNTs, the average frictional forces difference is not evident when 
the relative humidity is increased to the mild level (RH~10%). Formation of a very thin 
water film at these interfaces was thought to decrease the effect contact area and serve as 
a very good lubricant to reduce friction. However, the existence of the water film would 
naturally cause a strong dependence of adhesion as a function of humidity level. The 
slight difference on transversal surface may be ascribed to TAMWCNT’s surface 
geometry which attains water molecule saturation more easily.  
Another plausible explanation could be saturation of the carbon dangling bonds at 
active sites on sample surfaces by chemisorption of water molecules. We think roughness 
of the sample surface and the extent of adhesion present between the sample surface and 
the AFM probe are two important factors affecting nano-scale friction behavior studied in 
current work. More active sites with dangling bonds (which normally cause high 
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adhesion between AFM probes and surfaces) result in high friction for surfaces with 
same roughness. Specifically, for each orientation, in ambient conditions, an active water 
molecule can be easily dissociated into H
+
 and OH
-
, and the H
+
 can be easily attracted to 
an active site of the surfaces and passivizes it. On the other hand, in pure nitrogen 
conditions, due to the lack of active water molecules, the unpassivated sites will decrease 
the friction.  
  
Figure 2.8 Average friction force vs. applied load as a function of humidity for (a): 
VAMWCNTs and (b): TAMWCNTs. The friction forces on the vertically aligned 
surface are more sensitive in relative humidity than those on the transversely 
aligned surface. 
In order to evaluate the hydrophilicity of CNTs arrays, we measured and 
compared the static contact angles of water droplets on both CNTs surfaces. Images of 
water droplets sitting on these surfaces are shown in Figure 2.9. The contact angle of 
water on VAMWCNTs array was measured to be 131° (Figure 2.9(a)), whereas that on 
the TAMWCNTs array was 145° (Figure 2.9(b)). This contact angle differences indicate 
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that the differences of water molecule adsorption capability in the two orientations, by 
which it can explain the frictional properties discrepancy.  
  
Figure 2.9 Images of water droplets sitting on the surface of  the top layer (a) 
vertically aligned carbon nanotube array (b) transversely aligned carbon nanotube 
array. 
Adhesion measurements were made using force calibration mode to capture 
cantilever deflection versus probe displacement curves. A typical deflection versus 
displacement curve of the colloidal tip on the vertically aligned carbon nanotube carpet is 
shown in Figure 2.10. The adhesion force (or the critical pulling off force) was obtained 
from the withdrawal part of this curve. The adhesion force is defined as the deflection 
without contact (the plateau of the deflection vs. displacement plot below) minus the 
minimum value of the deflection. 
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Figure 2.10 A typical case of critical pulling force measurement. 
The adhesive forces of VAMWCNTs and TAMWCNTs in different environments 
are summarized in Table 2.2. The average adhesive forces of TAMWCNTs are lower 
than those of VAMWCNTs. For adhesion data of TAMWCNTs, no significant 
distinctions were observed among different relative humidity levels. The adhesion 
difference is in agreement with the previous assumption that friction would be greater 
due to stronger adhesive force induced by the surface water layer in the ambient 
condition, when the adhesive forces in VAMWCNTs dropped as the RH was decreased. 
Another interesting phenomenon is that the standard deviations of the adhesive force on 
both sides were high, which might relate to the surface roughness of MWCNTs. 
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Sample and Testing 
Condition 
Average adhesion (nN) Standard deviation (nN) 
VAMWCNTs dry 
condition
a
 
61.33 10.51 
VAMWCNTs mild 
condition
b
 
79.75 9.56 
VAMWCNTs ambient 
condition
c
 
99.32 16.75 
TAMWCNTs dry 
condition 
42.12 7.29 
TAMWCNTs mild 
condition 
57.35 8.80 
TAMWCNTs ambient 
condition 
57.84 13.59 
Table 2.2 Adhesive force for VAMWCNTs and TAMWCNTs under different 
relative humidity levels, a. dry condition means relative humidity below 5%, b. mild 
condition means relative humidity around 10%, and c. ambient condition means 
relative humidity between 26% ~ 52%. 
The assumption that the ‘lateral’ friction force FL is proportional to the real 
contact area, A, and to a mean lateral force per unit area, the shear strength τ:  
AFL   
Equation 2.1 Friction force equation. 
was proposed by Bowden and Tabor in 1950[57]. 
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The variation of friction force in different orientations is probably due to the fact 
that nanotubes are flexible in the direction perpendicular to the axis direction and stiff in 
the direction of the axis. The transversely aligned CNTs exhibited sliding and mixed 
sliding and rolling motions, while the CNTs that were oriented vertically buckled in 
response to compression, and leaned in the direction of sliding[40]. In addition, our 
experiments showed a dependence of friction on the relative humidity. A humidity 
increase can provoke the formation of water layers on surfaces, which causes capillary 
interaction with the tip[58]. Therefore, the presence of water molecules has a significant 
effect on friction. 
Adhesion is of great importance, especially when measurements are done under 
relatively high humidity. Derjaguin[27] proposed the following modified version of 
Amontons’ equation for adhering surfaces: 
LFcLLcF   )(  
Equation 2.2 Modified Friction force equation. 
where a constant “internal” load Lc is added to the external load L to account for the 
absolute value of intermolecular adhesive forces as shown in Table 2.2. 
If the elastic deformation caused by adhesive forces is large compared to their 
range of action, the contact area as well as the critical pull-off forces can be expressed in 
JKR theory Equations in the following way: 
3/2)))(42(( LLcLcLcL
K
R
A  
 (a) 
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aRJKRLc 
2
3
)( 
                              (b) 
Equation 2.3 (a) and (b) JKR theory equations. 
where R is tip radius, ω is the work of adhesion (interface energy), and K is the contact 
modulus, defined as 
1
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)
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Equation 2.4 Contact modulus calculation equation. 
In contrast, if the elastic deformation is small compared to the range of adhesive 
forces, the contact area and the critical pull-off forces can employ DMT theory Equations 
to describe: 
3/2)(( LcL
K
R
A  
                           (a) 
aRDMTLc 2)(                             (b) 
Equation 2.5 (a) and (b) DMT theory equations. 
If the shear strength τ is assumed to be constant, then the above solutions for 
contact area can be directly fitted to the friction data obtained earlier in Figure 2.5, 2.6 
and 2.7. We let the radius of the AFM tip and the contact moduli are free parameters. 
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Both the JKR and the DMT theories were used to fit the result gained from VAMWCNTs 
and TAMWCNTs surfaces. Generally, both the JKR and the DMT theories work well for 
transversely aligned nanotubes in ambient condition. However, neither theory fit well the 
result for VAMWCNTs in highly relative humidity. While for samples tested under other 
conditions (Figure 2.6 and 2.7), the JKR and the DMT theories seem to work reasonably 
well.  
We assume that the total, dispersive, and polar components of the liquid surface 
free energy ( l , 
d
l  and 
p
l , respectively) are known and the contact angles are 
measured, as shown in Table 2.3. Insights into the interactions between liquid and solid 
surface are demonstrated in terms of the dispersive and polar energy contributions in the 
equation of Owens and Wendt[59]. This is a linear equation, Y = mX+b, in which the 
slope m and intercept b are given by the square root of polar and dispersive components 
of the solid surface free energy [
2/1)( ps  and 
2/1)( ds , respectively], such as 
d
s
p
s
d
l
l XY 





2
)cos1(
 
Equation 2.6 Surface free energy equation.
 
Where X=
2/1)( pl /
2/1)( dl . Then X values are given by X=0.805 for PEG, 0.94 for 
glycerol and 1.53 for water. 
Two plots according to Eq. (2.6) using the contact angles of three testing liquids 
measured in this study are shown in Figure 2.11. We estimated the polar (
p
l ) and 
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dispersive (
d
l ) components of the surface free energy of each carpet surface from the 
slope and the intercept of the linear fit in Figure 2.11. The total surface free energy, 
p
s +
d
s , for TAMWCNTs was calculated to be 0.739 mJ/m
2
, for VAMWCNTs is 2.16 mJ/m
2
. 
Applying silicon oxide for glass, 2sio ~115 mJ/m
2
, so the work of adhesion for glass-
TAMWCNTs interface can be estimated by 22 sioTAMWCNTa   ~18.5 mJ/m
2
, while 
the work of glass-VAMWCNTs interface is 22 sioVAMWCNTa    ~31.5 mJ/m
2
. Both 
Eq. (2.3b) and Eq. (2.5b) were employed to calculate the pulling forces. One thing that 
should be mentioned is that the local contact radius of curvature is smaller than radius of 
curvature of the attached bead (Figure 2.4(b)). 1000 nm as the representative radius of 
curvature is applied here, gives the critical pulling forces of TAMWCNTs to be 87 nN for 
JKR and 116 nN for DMT, while VAMWCNTs has 148 nN for JKR and 198 nN for 
DMT. Based on those values, the JKR estimation seems to be more consistent with the 
experimental value (Table 2.2), which indicates that the JKR theory works better for both 
VAMWCNTs and TAMWCNTs. 
According to the Amonton’s law, the friction force between two bodies at 
macroscale is linearly proportional to the applied load L and independently of the 
macroscopic contact area. Later, the friction force was shown to be proportional to the 
real contact area, due to the macroscopic area is rough and consists of a large number of 
asperities. Some researchers argued that the breakdown of the single-asperity theories is 
due to the fact that at this length scale the real contact area Ar is different from Aasp and 
the friction force should be defined in terms of Ar. A nonlinear fitting with two free 
parameters has been used in this series of fitting. After fitting, two free parameters P1 and 
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P2 were obtained. Using P1 and K, we can calculate the shear strength τ, then by using 
A=F/  , we can back up the contact area. 
1) The contact modulus K is calculated from data in Table 2.3 by using 
Equation. (2.4), where τ is shear strength. 
     , 
2) We use two free parameter nonlinear fitting to do JKR fitting, P1=  
  
 
 
    , P2=Lc. 
3) The fitting equation is F=P1*{L-2P2 + [4P2*(P2-L)]
1/2
}
2/3
, the x axis is normal 
load L and the y axis is friction force F. 
4) After fitting, we will get those free parameters P1 and P2. 
5) Using P1and K, we will get the shear strength τ, then by using A=F/  , we can 
get contact area or contact size.  
Materials Poisson’s ratio 
Young’s modulus 
(GPa) 
Silicon Oxide 0.17 70 
Carbon Nanotube 0.06 800 
Table 2.3 Material Properties of Contacting Surfaces. 
The contact area information for both transversely and vertically aligned CNTs 
surfaces were listed in Figure 2.11(b). Essentially, the contact area for vertically aligned 
surface is relatively larger than that on transversely aligned surface for the similar normal 
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load. But apparently, the real contact area increases with the increasing normal load, 
although there is no significant difference for different relatively humidity level for each 
orientation. 
Probe 
Liquid 
)/( 2mmJl
 
)/( 2mmJdl  
)/( 2mmJpl
 
Contact 
angle(°) 
TAMWCN
Ts 
Contact 
angle(°) 
VAMWCN
Ts 
PEG 48.3 29.3 19.0 147 127 
Glycerol 64.0 34.0 30.0 144 130 
Water 72.8 21.8 51.0 145 131 
Table 2.4 Surface energy parameters of the probe liquids used in the experiment 
and the contact angles measured experimentally. 
  
                                         (a)                                                                        (b) 
Figure 2.11 (a) The Owens and Wendt plot for CNTs Carpet surfaces according to 
Eq. (3.6), (b) Fitted Contact Area bwteen CNTs Carpet and AFM Probe.     
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2.2. Nanoscale Frictional Characteristics of Graphene Nanoribbons 
(GNRs) 
GNRs are emerging as promising candidates for a wide range of device 
applications, from field-effect transistor (FETs) and sensors to memory device, due to 
their unique properties[60-62]. Specifically, a GNR with a width < 10 nm is 
semiconducting[63]. The transport measurement on GNRs shows remarkably high 
electron mobility at room temperature, with a reported value in excess of 3,150 cm
2
V
-1
s
-
1
[64]. Murali et al. have recently found that the average resistivity of GNRs at a given 
line-width (18 nm<W<52 nm) is comparable to that of copper[65]. In addition, graphene 
appears to be one of the strongest materials ever tested, with a breaking strength 200 
times > steel, demonstrating a tensile strength up to 130 GPa[66]. The spring constant 
and the Young’s modulus of suspended graphene sheets have been measured using AFM. 
The measured spring constant was in the range of 1-5 N/m and the Young’s modulus was 
~0.5 TPa. These are all desired attributes for GNRs applications in NEMS devices.  
Typical GNRs fabrication methods include micro-fabrication on graphite 
surfaces[67], exfoliation of bulk graphite in the presence of surfactants[68], solution-
based oxidative methods[69], and plasma etching of MWNTs partially imbedded in a 
layer of protective polymer[70]. Surface interaction forces, such as adhesion and friction 
forces between relevant contacting surfaces during fabrication and subsequent device 
integration processes are crucial at the nanoscale because of the high surface-to-volume 
ratio of GNRs. Therefore, careful evaluation of the tribological properties of various 
GNRs could have important implications for efficient fabrication and reliable operation 
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of GNRs-based devices. Additionally, GNRs or graphene oxide nanoribbon (GONR) 
reinforced polymer nanocomposites have recently shown great promise due to the 
existence of abundant interfacial interactions of the polymers with the covalently bonded 
functional groups of the GNRs and GONRs, and the outstanding mechanical properties of 
GNRs and GONRs[71, 72]. It is thus imperative to understand the tribological behavior 
of GNRs with different chemical functionalization addends before successfully utilizing 
these unique graphene nanostructures reliably in structural nanocomposite and device 
applications.  
In this section, we evaluate the nanoscale tribological behaviors of three different 
GNRs including GONRs[69], GNRs[73] derived from potassium splitting (K-GNRs)[74] 
and nitrobenzene functionalized GNRs (N-GNRs) by AFM. The surface topography was 
characterized by SEM and AFM while X-ray photoelectron spectroscope (XPS) was used 
to analyze the chemical functionalization of GNRs. The frictional responses of three 
different GNRs at different normal loads, as well as the effect of relative humidity were 
then carefully quantified. Adhesion forces were also collected from multiple force-
displacement measurements. 
2.2.1. Functionalized Graphene Nanoribbons and Testing Procedure  
In order to probe the effects of chemical functional groups on frictional properties 
and their potential implications in various applications, N-GNRs prepared by diazonium 
chemistry (N-GNRs)[74], K-GNRs[73] as well as GONRs[75] were selected for this 
study. GNRs were suspended in ethanol (at a concentration of ~ 0.1 mg/cm
3
). A droplet 
of each GNRs solution was spin coated onto a silica substrate using an EC101DT-R790 
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photoresist spin coater (Headway Research, Inc.) at 500 RPM for 30 s. The sample was 
dried at ambient conditions for 300 s. The Picoplus 5500 AFM (Agilent Technologies) 
was used to obtain both the topographical image and the corresponding friction force 
mapping of the different GNR samples. The humidity of the testing environment was 
controlled using an environmental isolation chamber that separates the AFM from the 
ambient conditions (i.e., relative humidity recorded at 45%). A controlled flow of 
nitrogen gas was employed to create dry environment with a relative humidity level < 
5%[76]. Silicon cantilevers (NanoScience, Phoenix, AZ, USA) were used for the 
subsequent adhesion and friction measurements. The force versus distance (FD) curve 
was collected after each scan at least five times at different locations, in order to obtain 
corresponding adhesion forces between the AFM tip and different GNRs. 
   
Figure 2.12 (a) A typical contact-mode AFM topography image of a GONR, the 
height measurement details shown in the inset, the height indicates a stack of ~7 
layers. (b) A characteristic SEM image of a GONR stack on a SiO2 surface. 
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The general morphological and surface structures of the N-GNRs, K-GNRs and 
GONRs were found to be similar as surveyed by a FEI Quanta 400 SEM and a Agilent 
Picoplus AFM. A representative contact-mode AFM topographical image of GONRs is 
shown in Figure 2.12(a). The typical height of this GONRs, estimated from AFM height 
profile, was ~ 7 nm (the inset of Figure 2.12(a)), which corresponds to a few layers of 
GONR sheets. A characteristic SEM image (Figure 2.12(b)) of a GONR on a SiO2 
surface revealed the few-layered ribbons was several micrometers in length, with straight 
edges and relatively uniform widths of < 200 nm. The thickness measurements for all 
three GNRs are summarized in Table 2.4. 
Sample N-GNRs K-GNRs GONRs 
Thickness (nm) 6.45±1.93 7.87±2.31 8.91±3.72 
Table 2.4 The thickness measurement of GNRs. 
XPS was used to verify the chemical functionalization level and atomic 
composition of the resulting GNRs. For N-GNRs, high-resolution XPS of Figure 2.13(a) 
shows a strong signal for the N 1s peak, O 1s as well as O 2s peaks. The signal at 400 eV 
in the inset of Figure 2.13(a) can be attributed to the nitro group[74]. The remaining edge 
carboxyl groups would go through little reductive loss for N-GNRs, with 25% surface 
oxygen atoms detected (Table 2.5). The K-GNRs were produced through non-oxidation 
methods, resulting in only 4.5% physisorbed oxygen atoms detected, while the excess 
potassium salt were consumed by ethanol and water during the quenching process[73]. 
The high oxidation content of the GONRs was substantiated by XPS analysis. As shown 
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in Figure 2.13(c), the XPS spectrum of C1s for GONRs exhibits a high intensity oxygen 
peak and the content of oxygen is 44%. A small portion of nitrogen content is present in 
GONRs, which can be attributed to the hydrazones formed during the oxidation[74, 77]. 
The signals (inset of Figure 2.13(c)) at 285.8 eV correspond to the C-O bond, the 
intensity of which correlates to the level of oxidation within the sample while the signal 
at 284.9 eV corresponds to C-C bonds[73]. The complete XPS results of the three GNRs 
are summarized in Table 2.5. 
 
Figure 2.13 (a) High-resolution XPS spectra of N-GNRs, (b) K-GNRs and (c) 
GONRs; the top inset in (c) is the XPS C1s spectrum of the GONRs. 
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2.2.2. Tests Results and Discussion 
The frictional behavior of the nanoribbons was carefully evaluated using an AFM 
in both ambient and dry nitrogen environments (Figure 2.14). Scan areas were set to 100 
× 100 nm
2
, and the scan rate was 0.6 Hz. We employed the reference cantilever 
method[78] to calibrate the AFM tip’s normal spring constant and the diamagnetic lateral 
force calibrator approach to calibrate the AFM lateral force output[44, 79]. The friction 
force versus normal load curves were collected at three different positions at least three 
times and average values were calculated. For GONRs, N-GNRs and K-GNRs, the 
friction response was observed to increase in an almost linear fashion as the normal load 
was raised (Figure 2.14(a)-(c)). Out of the three types of GNRs quantified, the friction 
force of GONRs was the highest at different levels of normal loads, those of N-GNRs 
were the next, and those of K-GNRs were the least in ambient conditions as shown in 
Figure 2.14 (a). In the dry nitrogen enviroment, the same trend persisted but the 
differences in friction were insignificant for normal loads under 20 nN. It is worth noting 
that the reported thickness dependent friction behavior in the mechanically exfoliated 
graphene[80] was thought not to play a big role here, since the GNRs investigated in this 
work were all over 5 nm in thickness (Table 2.4) and their friction characteristics should 
therefore approach the thickness-independent bulk behaviors. To further confirm this, 
three representive friction vs. normal load curves collected from different GONRs 
samples with different thicknesses are shown in Figure 2.14 (c), clearly demonstrating 
that the friction responses were independent of sample thickness. According to the 
curves, the nominal friction coefficients for different nanoribbon samples were fitted to 
be ~ 0.5-1.2. Although a much lower friction coefficient (0.004 for HOPG) was reported 
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by Buzio et al.[81], the relative friction coefficient (RCF) of reduced graphene oxide is 
about 0.86 and RCF for graphene oxide is as high as 2.11[82]. Furthermore, the wear 
phenomenon has been rarely observed in graphene nanoribbons though the applied 
normal load were relatively high. The topography images before and after friction tetsing 
have shown that no noticeable wear scar was generated. 
 
 
Figure 2.14 Normal force dependences of friction on GONRs, N-GNRs and K-GNRs 
in (a) ambient condition, (b) dry nitrogen condition. (c) Thickness independent 
friction on GONRs in the ambient condition, 3 random data set with different 
sample thickness. (d) Adhesion force for all types of graphene nanoribbons in 
ambient and low humidity conditions. 
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It is generally believed that the radius of curvature of the AFM probe has a effect 
on the magnitude of frictional forces. In order to exclude the tip radius effect on frictional 
response of graphenen based nanoribbon, the AFM probe was scanned on a standard 
unltra-sharp gratings provided by NT-MDT company (Santa Clara, CA,USA). The 
obtained topography images are the convolution of the AFM tip and sample surface, 
which represents the profile of the AFM tip, as shown in Figure 2.15. The tip radius was 
measured at a height of 10 nm away from the apex of the tip and a circular cross section 
was surveyed. It was demonstrated that the tip radius did not change significantly, while 
the tip radius is 14.3 nm before scanning and 15.6 nm after testing.  
Since the observed difference in friction is not a result of sample thickness, as 
stated earlier, the effect of chemical interaction-induced adhesion between the AFM tip 
and GNRs due to different surface functional groups[83] was further carefully assessed. 
This is because the friction force can generally be described by the dependence of true 
contact area and the interfacial shear strength for nanoscale single asperity contact as in 
the case of AFM based nanofriction studies. From contact mechanics theories considering 
adhesion forces, such as JKR theory (describing the relationship between contact area 
and normal load, including adhesive forces for relatively compliant materials and strong 
adhesive forces) and DMT theory (generally works for relatively stiff materials and weak 
adhesive forces), adhesion has a strong direct correlation with friction when the 
interfacial shear strength is assumed to be a constant. The chemical effects on adhesion 
are well-documented in the literature; Noy et al.[84] used chemical force microscopy to 
measure adhesion and friction between probe tips and substrates covalently modified 
with self-assembled monolayers that terminate in distinct functional groups. They 
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demonstrated that the magnitude of friction force decreased in the following manner with 
different tip/sample functionalities: COOH/COOH > CH3/CH3 > COOH/CH3. Poggi et 
al.[85] examined the adhesion between thiolated AFM cantilever tips and SWNTs paper, 
and then observed a direct correlation of adhesion force with respect to the thiol terminal 
group (NH2  > CH3 > OH). Most recently, Lu et al.[86] developed and implemented an 
AFM based adhesive force mapping technique combined with a statistical analysis 
method to study adhesive interactions of small SWNT bundles functionalized by amino, 
epoxide, and hydroperoxide groups as compared to sodium dodecylsulphate (SDS) 
treated SWNTs in an controlled environment, and it was found that the adhesion forces of 
amino functionalized SWNTs and SDS-wrapped SWNTs were larger than those of 
epoxide group terminated and hydroperoxide terminated SWNTs. 
The adhesion forces for both ambient and low humidity conditions obtained from 
regular AFM FD curves are summarized in Figure 2.14(d). The measured adhesion forces 
for GONRs and N-GNRs were much higher than those of K-GNRs. The difference in 
measured adhesion forces is attributed to the abundant existence of nitrophenyl and 
carboxyl groups available on these two nanoribbons, while almost no functional groups 
were detected on K-GNRs. Another possible reason could be due to the increased 
hydrophilicity of GNR surfaces with increasing oxygen content (Table 2.5), giving rise to 
an enhanced adhesive interactions between the AFM tip and the water layer covered 
surfaces predicted by classical meniscus theory. Friction forces between different GNRs 
thus correlate directly with the adhesion forces for these same functional groups in the 
ambient enviroment. Specifically, higher friction is observed between the tip and the 
nanoribbons that adhere strongly, while low friction is observed bewteen the weakly 
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interacting tip and GNRs. In the low humidity condition, the friction forces of GNRs 
follow the same order: GONRs > N-GNRs > K-GNRs especially when the normal load is 
larger than 20 nN. Interestingly, the magnitude of the friction forces are dramatically 
smaller than those measured in the ambient condition (Figure 2.14(a) and (b)). As the 
relative humidity decreased, the adhesion forces for N-GNRs and GONRs dropped 
almost half compared to the ambient condition, but the adhesion force remained constant 
for K-GNRs. It is worth noting that K-GNRs are less sensitive to humidity because of 
few surface functional groups, producing a highly hydrophobic surface. Sumant et al.[87] 
have drawn the similar conclusion that the friction was substantially reduced by 
eliminating the reactive, polar and π-bonded surface groups and grafting fully saturated 
hydrogen-terminated surface bonds. The hydrophilic nitrophenyl groups boosted the 
adsorption of water molecules on N-GNRs surfaces, and then the friction force of N-
GNRs was shown to be suppressed by the low relative humidty. It is thought that the 
oxygen containing groups, especially caboxyl groups also, contributed to this humidity 
sensitive friction. Specifically, the hydrophilic carboxyl groups played a significant role 
in reducing friction force under low relative humidty. 
Wear scars could be possibly generated on the surface by scanning the sample 
under high normal loads. However, in this experiment, although the friction force and 
normal loads are relatively high, the wear phenomenon has very rarely been observed. 
The sample surface was re-scanned right after the friction testing. The topography 
comparisons (before and after friction testing) have shown that no noticeable wear scar 
was generated after the friction testing, as shown in Figure 2.16. The slight difference in 
the topography image is due to the sample drift.  
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Figure 2.15 The AFM tip profile before (a) and after (b) friction testing in a typical 
experiment. 
  
Figure 2.16 Topography images before and after high load applications. 
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2.3. Conclusion 
 The tribological behavior of three different GNRs were carefully studied by 
AFM. The covalently functionalized N-GNRs and oxidized GONRs have higher friction 
force compared to K-GNRs split by potassium vapor, both in ambient and dry nitrogen 
conditions. The adhesion force difference among GNRs as well as the different surface 
hydrophilicity were considerd to explain the observed friction differences of GNRs. By 
delineating the friction merits of different GNRs, this study could offer some insights into 
future efforts to utilize graphene nanoribbons in fundamental studies and emerging 
practical applications. 
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Chapter 3 
3.Friction Study at the nanometer scale 
3.1. Size Dependent, Thermally Activated Friction 
3.1.1. Introduction 
The recent development of new experimental tools such as the friction force 
microscopy (FFM, i.e., AFM equipped with lateral force measurements) has enabled a 
quantitative examination of frictional behavior for well-defined contacts with sizes 
ranging from a few nanometers to micrometers[88-90]. A representative measurement by 
FFM exhibits the stick-slip behavior as the cantilever tip slides on a crystalline surface, 
from which one can deduce the lattice spacing, lateral contact stiffness, and friction force. 
The atomic stick-slip behavior critically depends on lattice structures of the two 
contacting surfaces, sliding direction, contact size, sliding velocity, temperature, etc. The 
force-displacement curves obtained from the FFM measurements represent an integral 
measure of the collective behavior of atoms and defects on and near the interface. It is 
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therefore a difficult task to unambiguously extract from this integral measurement the 
governing atomic mechanisms for frictional sliding.  
Existing modeling work in the study of atomic frictional behavior has generally 
focused on either semi-continuum Tomlinson-type models or molecular simulations. In 
the Tomlinson model, a virtual contact point is connected to the faraway reference point 
by a spring and moves on top of a periodic potential which mimics the tip-substrate 
interaction. For a compliant spring or high potential amplitude, the stable solution after 
the friction force reaches maximum will be a sudden jump to the contact in the next 
period, leading to the stick-slip behavior. Socoliuc et al.[91] found the transition from a 
smooth sliding to the stick-slip behavior as the contact load increases. Their explanation 
based on the Tomlinson model showed that the potential amplitude is roughly 
proportional to the normal load and may vary by orders of magnitude. It should be noted 
that this 1-degree-of-freedom model is equivalent to assuming a uniform lateral motion of 
all atoms on the contacting interface, while we believe that surface atoms of the two 
contacting solids will prefer to shear/slide non-uniformly in a completely different 
manner, i.e., some atoms on the interface will break the bonds earlier while the rest do so 
later – the boundary between them is a dislocation. In our recent Peierls-type model[92], 
we view the atomic frictional process as the initiation and gliding passage of dislocations 
with diffused cores on the interface. Experimental observations on contact size 
dependence can thus be explained as a transition of homogeneous to inhomogeneous slip 
characteristics with the increase of contact size.  
Stick-slip curves have been found to depend on the sliding velocity and 
temperature – characteristics of the stress-assisted, thermally activated process[93-96]. 
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The understanding of the thermally activated frictional behavior can be obtained by the 
transition state theory. From the kinetics standpoint, the system may be thermally 
activated and jump from one metastable state to another, and the activation energy is the 
potential-energy difference between the initial metastable state and the saddle point 
configuration when the applied lateral force is lower than the athermal friction force. At 
low temperatures, the thermal energy is low so that it is less probable for this thermally 
activated process to occur. A large sliding velocity indicates a short total time, and 
therefore the total activation probability is also low. In these conditions, the measured 
friction force will be close to the athermal limit. In Tomlinson model, the saddle-point 
configuration is apparently a uniform slip. Therefore, the application in experiments that 
studied both contact-size and sliding-velocity dependence again relies on a contact-size 
dependence derived from the amplitude of tip-substrate interaction potential[91]. The 
Peierls framework permits the solution of a spatially inhomogeneous saddle point 
configuration, which, in principle, leads to a coupled size- and velocity-dependence of 
the friction force. 
3.1.2. Experimental Methods 
FFM experiments were conducted on freshly cleaved and atomically smooth mica 
samples. Different scan dimension were employed in order to obtain varied scanning 
velocities, as summarized in Table 3.1. The friction forces and the surface topography of 
the mica surface were investigated at room temperature (295.5±0.4 K) and under relative 
low humidity level (<4%) by means of an atmosphere control chamber. We used a 
monolitic silicon FFM probe with nominal radius of 10 nm. Normal force constant is in 
situ calibrated by a standard pre-calibrated cantilever with known stiffness[97]. A simple 
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and reliable way for AFM based friction force calibration with high accuracy and 
effectiveness was carefully performed in situ before experiment[98]. The normal and 
lateral stiffness obtained in this experiment are KN=0.096 N/m and KL=1.14 N/m. 
Scan 
Velocity 
(nm/s) 
4 6 12 16 20 28 40 200 600 1600 3200 4*10
3
 4800 6*10
3
 8*10
3
 10
4
  
Scan Size 
(nm) 
10 10 10 10 10 10 10 500 500 500 10
3
 2*10
3
 3*10
3
 3*10
3
 5*10
3
 5*10
3
  
Table 3.1 The Scanning conditions of FFM probe over fresh cleaved mica surface. 
The normal loads were set by the “Force Setpoint” parameter of the AFM. During 
each scan, 512x512 data points were collected. Friction force for a normal load is the 
average value which contains the entire scan. For each scan line in both directions, we 
could plot a friction loop using measurements of the lateral deflection of the AFM 
cantilever. The procedure to calculate the friction force from a friction loop is as follows 
(Figure 3.1): 
1. Truncate the static friction data (left to right scan, to the first local maximum. 
Right to left scan, to the first local minimum).   
2. Find the maximum of left to right scan line Fmax , and the minimum of right 
to left scan line Fmin 
3. The friction force in volts unit is given by F=(Fmax - Fmin )/2  
Multiply locations of samples were scanned to ensure statistical significance. The 
sliding friction results are exhibited in Figure 3.2 showing FL vs lnV for different normal 
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loads FN. A plateau of friction force FL was obtained at a characteristic velocity V0 
following a coarsely logarithmic increase of FL with V. These two limiting cases are 
indeed predicted by Eq. (3.7). It is a significant discovery that the equation prediction is 
in accord with the experiment of the plateau for V> V0. 
The roughly linear increase of the activation energy reported in Figure 3.6 (a) is 
consistent with previous report[95]. It is clearly observed that V0 increases from 3200 
nm/s to 6000 nm/s if we consider the transition point of logarithm to plateau as the 
characteristic velocity in Figure 3.2. The fitted characteristic velocities V0 under different 
normal loads have been exhibited in Figure 3.6 (b). Compared with the experimental 
data, the characteristic velocities increase linearly with normal load and are of the same 
magnitude.   
 
Figure 3.1 A Typical Friction Loop on Mica sample. 
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Figure 3.2 Friction force (extracted as the half value of the bounds of the stick-slip 
curves) increases as a function of sliding velocity. Solid lines are fitting results from 
theoretical model in Eq.(3.7). 
3.1.3. JKR Fitting 
If the elastic deformation caused by adhesive forces is large compared to their 
range of action, the contact area as well as the critical pull-off forces can be expressed in 
JKR theory Equations in the following way: 
3/2)))(42(( LLcLcLcL
K
R
A  
 
Equation 3.1 JKR Theory Equation. 
where R is tip radius, a  is the work of adhesion (interface energy), and K is the contact 
modulus, defined as: 
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Equation 3.2 Contact Modulus Calculation Equation. 
Materials Poisson’s ratio 
Young’s modulus 
(GPa) 
Silicon Oxide 0.17 70 
Mica 0.25 60 
Table 3.2 Material Properties of Contacting Surfaces. 
In this series of experiment, the radius of AFM contact mode tip is 10 nm. 
1) The contact modulus K is calculated from data in Table 3.2 by using 
Equation. (3.2), where τ is shear strength. 
     , 
Equation 3.3 Friction Calculation Equation. 
2) We use two free parameter nonlinear fitting to do JKR fitting, P1=  
  
 
 
    , P2=Lc. 
3) The fitting equation is F=P1*{L-2P2 + [4P2*(P2-L)]
1/2
}
2/3
, the x axis is normal 
load L and the y axis is friction force F. 
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4) After fitting, we will get those free parameters P1 and P2. 
5) Using P1and K, we will get the shear strength τ, then by using A=F/  , we can 
get contact area or contact size.  
A nonlinear fitting with two free parameters has been used in this series of fitting. 
After fitting, we will get those two free parameters P1 and P2. Using P1 and K, we will get 
the shear strength τ, then by using A=F/  , we can back up the contact area, a typical JKR 
fitting curve has been shown in Figure 3.3. 
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Figure 3.3 A typical JKR fitting curve which shows the relationship between friction 
force and normal load at 6000 nm/s. 
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Figure 3.4 Contact size (calculated from the fitted free parameter P1) fluctuates as a 
function of sliding velocity. 
3.1.4. Modeling 
During sliding contact, the two adjacent atomic planes have a spatially 
nonuniform distribution of relative lattice slip (or called disregistry field),  , with 
=1,2 (i.e., the in-plane coordinates). The total potential energy   is given as a functional 
of the interface slip field 
 0
1
2
elastic
i i i ia
S S S
dS n dS n dS              
 
Equation 3.4 The total potential energy equation. 
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where 0  is the potential energy of the elastic system when 0  . The second term is 
the energy gained on the contacting interface S  (with surface normal in ) when slip 
develops, i.e., the   surface. The interface constitutive law is defined by      , 
e.g.,  max sin 2 b      with max  being the theoretical shear strength of the interface. 
The third term is the energy change of the elastic solids outside the contacting interface 
due to the introduction of a nontrivial   (where the self stress σ  arises from the 
nonuniform   when the externally applied force is zero). The last term is the interaction 
energy between the elastic stress field (when  =0) and the interface slip field. The 
equilibrium condition is attained when the total potential energy reaches a minimum, 
0  . As shown previously[92], the frictional behavior depends on the ratio of the 
contact radius a to the dislocation core size that scales as maxb  . If max 1a b   , the 
sliding proceeds in the following manner: a dislocation loop nucleates at the contact edge, 
propagates towards and annihilates at the center, and then the indenter moves laterally by 
b. For a very large contact, dislocation nucleation from the contact edge is the same as 
that from a straight-front crack[99]. If the dislocation core size is larger than the contact 
size, maxb a   , there will not be sufficient space on the interface to develop the 
inhomogeneous slip, and thus the slip is uniform as assumed in the Tomlinson model. 
Between these two limits, sliding is thus facilitated by the gliding passage of dislocations 
with diffused cores on the interface – this corresponds to the friction force microscopy 
measurements.  
The dependence of maximum friction force, 
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max 2
fric L fricF F a    
Equation 3.5 Frition force calculation equation. 
on the applied normal force, NF , arises primarily from the size dependence of fric  and 
the relationship between a  and NF . As a comparison, the contact size dependence of 
friction force is explained in the Tomlinson model by assuming a dependence of the 
potential amplitude on the normal load[91, 95]. In our model, the stick-slip behavior, as 
an instability phenomenon, can be observed regardless of a virtual point contact or 
multiple atoms in contact, as long as the interface stiffness, 2max2 a b , is noticeably 
larger than the stiffness  
0eff L x
k dF d


 
 , and the load drop, lateral effF k b  , on the 
stick-slip curve is detectable on the ~lateral xF   curve. If the cantilever stiffness in lateral 
direction, cantileverlateralk  is comparable to the contact stiffness, then the friction stiffness is 
 
1
1 2 8cantilevereff lateralk k a 

     . Consequently, the transition from a smooth sliding to 
the stick-slip behavior observed in Socoliuc et al.[91] is believed to be primarily 
governed by maxa b   if cantilever stiffness is ignored, or by 
2
max effa k b , but not by the 
dependence of max  on a .  
A quantitative comparison to the temperature- and sliding-velocity-dependent 
experiments requires a mechanistic description of the rate-limiting processes and an 
accurate determination of the activation energy. In principle, the thermally activated 
process can be assessed by molecular simulations, which, however, spend most of the 
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calculation time on tracing the unimportant fluctuations near the metastable states since 
the jump between metastable states is a rare event. Analyses based on the Tomlinson 
framework implicitly assume a uniform slip, so that the dependence of the activation 
energy on the contact size and normal load cannot be determined. In our model, the 
energy functional in Eq. (3.6) allows a quantitative determination of the energy landscape 
with respect to the inhomogeneous interface slip field, and thus enables us to connect the 
macroscopic observations of velocity- and temperature-dependent frictional behavior to 
the detailed atomistic rate-limiting processes.  
The activation energy is the difference in potential energy between the initial 
metastable (minimum energy) slip distribution  min ,x y  and the saddle point slip 
distribution  ,saddle x y ,    minsaddle      . Details on the simulation 
methodology can be found in our previous publications[92, 100]. In Gao’s paper (2010), 
the following representation of activation energy is suggested, 
3 2
*
3
1 L
fric
F
b A

 
 
   
   
Equation 3.6 Activation energy calculation equation. 
When the contact size is small, we can assume a uniform interface slip, so that 
 
3 2
* 2
max0.96 1 LF a    . At very large contact size, the activation energy required to 
thermally activate an incomplete dislocation loop from a straight-front crack. According 
to Rice and Beltz, we have * 10  . Numerical results in Figure 3.5 illustrate examples 
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of metastable and saddle point configurations on the x-y plane surface. Figure 3.6 gives 
the normalized activation energy,   31 b   , as a function of 2 maxLF a   with 
max 0.1   , and several representative values of a b . These detailed calculations do 
not agree with the power-law form in Eq. (3.7); even when the contact size is small, the 
metastable configuration still exhibits spatial variation. Nevertheless, as the overall trend, 
with the increase of the contact size, the athermal friction stress decreases and the slope 
of the activation energy curve becomes significantly large. 
 
Figure 3.5 Stationary and saddle point configurations for 10a b  , max 0.1   , and 
several values of applied lateral force. 
 67 
Assuming an Arrhenius law gives the transition rate n  (i.e., the number of 
transitions per unit time per unit area on the interface),  0 exp L Bn n F k T    , 
where 0n  is an attempt frequency per unit interface area, Bk  is the Boltzmann constant, 
and T  is the absolute temperature. In the transition state theory, the cumulative transition 
probability, f, obeys  2 1f a n f  . The measured friction force will have a Gaussian 
distribution, and the mean value corresponds to 2 2 0Ld f dF  , given by 
3 2
3 *
011 ln 1 ln
2
L L
B fric fric
VF Fb
k T F F V
     
         
     
Equation 3.7 Friction V.S. scanning velocity. 
where the scanning velocity is xV d dt  and 
2 4
0
0 * 3
2
3
B fric
eff
n k T a
V
k b
 
 
 . Note that  0n a  
may also be dependent on the contact size, consequently, besides the contact size 
dependence of  fric a  in the Tomlinson-Rice transition, the thermally activated friction 
has additional area dependence from the activation energy  ;LF a  and the availability 
of attempt sites. 
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Figure 3.6 Activation energy as a function of the applied shear stress, with the 
increase of contact size, the activation energy increases rapidly as the applied shear 
force is lower than the athermal limit. 
 
Figure 3.7 Fitted prefactor of the activation energy and characteristic velocity from 
experimental data in Fig. 1. Despite the lack of the relationship between NF  and 
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contact size, it is found that the activation energy increases rapidly as the contact 
size increases. 
3.1.5. Conclusion 
In summary, we have developed a Peierls-type mechanistic study to elucidate the 
atomic frictional behavior from the initiation and spatiotemporal evolution of interface 
defects and lattice slip. Particularly, we find the temperature- and velocity-dependence of 
frictional behavior from the connection between activation energy calculations and 
spatially nonuniform rate-limiting processes.  
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3.2. Tunable Friction between Graphene Layers 
3.2.1. Introduction 
Graphene, as a two dimensional (2D) hexagonal lattice of carbon atoms, is the 
building block for the formation of 3D graphite. Graphene can thus be expected to inherit 
the excellent friction properties from graphite which is a widely used solid lubrication 
materials[101]. Graphene is also considered as a potential candidate for next generation 
applications in nanoelectronics and miniaturized devices due to its fabulous electronic 
transport properties[102]. However, due to their large surface area to volume ratio, most 
nanoelectronics devices are susceptible to stiction and wear. Therefore, an effective 
approach to tune the friction at the nanoscale is highly demanded in order to integrate 
graphene into nanoelectronic devices.  
It is not surprising that a number of ways to tune the friction have been proposed 
over the last few decades. The ultralow friction was revealed by shearing atomically 
sharp tips over an atomically flat surface[103]. When the normal load acting on the tip 
decreases below a critical threshold, the characteristic stick-slip instabilities cease to exist 
and sliding occurs smoothly without abrupt jumps. A second way to obtain nearly 
vanishing friction has been demonstrated: dry friction decreases when the sliding speed is 
reduced below a critical velocity that increases with temperature[104]. This effect is 
called ‘thermolubricity’ which is related to thermally activated jumps occurring in the 
contact area[105]. In addition, a term called ‘superlubricity’ that means sliding with 
negligible friction was coined by Hirano et al.[30], who started it from Aubry’s original 
ideas. This prediction describes that the friction would vanish when two surfaces in 
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contact are laterally stiff and incommensurate. Mate et al. performed the first atomic-
scale friction experiment by sliding a tungsten tip over a HOPG surface under ambient 
conditions[106, 107]. They found the friction coefficients between 0.005-0.015 and an 
almost linear dependence of the friction force on the normal load. By controlling the 
relative angles of individual nanoflakes to achieve a suitable lattice mismatch, thus 
incommensurate contact, an almost frictionless sliding was demonstrated for dry and 
wearless tip-surface contact. Besides, Dienwiebel et al. have observed that the ultra-low 
friction coefficients of graphite, discovered in FFM experiments are also caused by 
‘superlubricity’ between graphite surfaces[108]. 
3.2.2. Experimental Details 
In order to study the friction force between graphene and graphite, we have 
developed a novel AFM probe, which enables tracking of the real contact between two 
graphene layers. A few layers of graphene were grown on nickel microspheres by CVD 
method[109]. Specifically, the commercially available nickel microspheres were placed 
dispersed onto an oxidized Si substrate (300 nm oxide thickness). The prepared samples 
were placed on an aluminum oxide boat in a CVD chamber filled with a 1:2 mixture of 
H2 and Ar at a total gas flow rate of 200 sccm at a pressure of 2660 Pa. As the Ni 
microspheres have been exposed to the environment in the course of experimentation, a 
native oxide layer would invariably by present. The native oxide sheath was first reduced 
by heating the sample in this ambience at 1023 k for 600 s, before introducing a timed 
burst (flow rate of 1sccm) of ethylene (C2H4) as the carbon containing precursor, in 
addition to the H2/Ar flow. The precursor feeing time, typically in the order of a few to 
tens of seconds, determines the number of layers of graphene grown. The sample was 
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then cooled to room temperature within 300 s in a flow of 133 sccm Ar at 2660 Pa 
chamber pressure. The 1023 K annealing/growth temperature had been optimized to 
avoid morphological changes to the nickel microsphere at higher temperatures while 
maintaining the growth of highly crystalline graphene layers that is not achievable at 
lower temperatures. 
A graphene wrapped nickel microsphere was glued on a tipless Si3N4 AFM probe 
using epoxy under micromanipulator. The schematic diagram of our experiment is 
depicted in Figure 3.8. We determined the lateral spring constants of the Ni microsphere 
probe to be kL= 0.017 N/m and the normal spring constant of 0.21 N/m. The friction 
measurements were performed on HOPG, which possesses a lateral grain size of up to 5 
mm. The graphite was freshly cleaved using scotch tape. A cross was carved on the 
freshly cleaved HOPG surface by a razor blade as the reference line. A series of angle 
change in small step were accomplished in a small region in the HOPG. The angle 
change was tuned in the almost same position by identifying the surface geometry, which 
was to make sure the angle dependence friction testing occurred in the same grain. Two 
representative images with different relative scanning angles in the similar scanning 
region were shown in Figure 3.9, while the white angle illustrates the angle between the 
scanning direction and the HOPG surface reference line. The AFM (Pico-plus, Agilent 
AFM, Tempe, Arizona) scans were performed with progressively decreasing normal load 
for every 20 scans or so, this was done to measure the encountered friction force as a 
function of the applied normal load. The scanning directions were tuned in small steps 
with respect to AFM probe during the measurement. For each orientation, we measured 
the friction forces at a range of constant normal load (20 nN to 32 nN). The test was run 
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with a scan size of 10 nm at scan speed of 12 nm/s. Raman spectroscopy was performed 
on a Reinshaw Raman microscope using a 633 nm HeNe Laser on AFM graphene/nickel 
microsphere right before and after friction test in order to confirm the survival of 
graphene layers. SEM imaging was performed on FEI Quanta 400 ESEM FEG 
microscope. 
 
Figure 3.8 Schematic diagram of graphene layers sliding on graphite surface. 
  
Figure 3.9 Representative optical images of scanning direction relative to the surface 
reference line. 
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3.2.3. Results and Discussion 
SEM was employed to image the AFM probe structure and graphene wrapped 
nickel microsphere morphology (Figure 3.10(a)). The diameter of the microsphere is 
estimated to be 7.5 μm as shown in Figure 3.10(a) inset. It is worthy to notice that there 
are some bumps under high magnification though it looks smooth under optical 
microscopy. The high resolution SEM image in Figure 3.10(b) shows that the grain size 
of graphene ranging from 400 nm to a few microns in diameter, which is dictated by the 
grain size of nickel sphere. Raman spectra has been accomplished on the probe surface 
right after the microsphere attachment in Figure 3.11, which reveals the successful 
graphene growth on the nickel surface. In order to demonstrate the survival of the 
graphene layers after the friction experiment, another round of Raman spectrum was 
collected on the exact same position. It was found that the characteristic peaks remain in 
the same position except for a little change in G band (1580 cm
-1
) intensity.  
The frictional behavior as a function of applied normal load obtained from the 
friction force microcopy experiment for graphene sliding over HOPG surface was shown 
in Figure 3.12. The friction force shows an almost linear load dependence on these two 
graphene surface with the ultralow nominal friction coefficient estimated to be 0.02. 
Although the data do not point clearly in the direction of a power-law behavior Ffriction ∝ 
FαN, it is clear that if any such law was to be estimated, it would have α<1. This is at 
variance with previous findings for a sharp undeformable tip-surface contact, and with 
recent studies of the sliding of hydrogen-passivated carbon. In the similar normal load 
range, the measured average friction force is about one order of magnitude higher than 
the other superlubricious graphite[30]. The proposed reason for this discrepancy is the 
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contact size difference. According to Hertzian contact theory, the mathematical 
relationship between indenter load P, indenter radius R, contact area a, and the maximum 
tensile stress σmax. The contact radius depends upon the load, the indenter radius, and the 
elastic properties of both the specimen and the indenter according to Eq. (3.8): 
   
   
   
 
Equation 3.8 The contact radius calculation equation. 
where E* is the combined modulus of the indenter and the specimen given by Equation 
(3.9): 
 
  
 
      
 
 
       
  
 
Equation 3.9 The combined modulus calculation equation. 
Material Poisson’s ratio 
Young’s modulus 
(GPa) 
HOPG 0.012 36.5 
Nickel 0.31 200 
Table 3.3 Material properties of contacting surface between HOPG and Nickel 
sphere. 
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The elastic modulus was calculated to be 31. 3 GPa, according to Eq. (3.9) and 
Table 3.3. In our experiment, the tip-surface contact area estimated from the Hertz model 
is 300 to 1000 nm
2
 within the range of loads applied in the experiments (10 nN to 70 nN) 
because 7.5 μm microsphere in diameter was used, while the tungsten tip merely has a 
contact area ranged from 13 to 44 nm
2
 because of the tip radius of 80 nm. In our opinion, 
the friction between graphene layers originates from the interlayer interaction. Based on 
previous theoretical studies, the interlayer friction properties between a graphene flake 
and an infinite graphene sheet is described by an empirical registry-dependent potential, 
which demonstrates the friction between graphene sheets with commensurate or 
incommensurate interlayer stacking increases with decreasing interlayer distance. It is 
partially support that the friction force increases with the increasing normal load. 
 
Figure 3.10 (a) SEM image of graphene wrapped nickel microsphere AFM probe, 
the bottom inset shows the size of microsphere and surface morphology, (b) high 
resolution SEM image of the grain size measurement of graphene on nickel sphere.  
 77 
The periodicity of the graphite substrate lattice cannot be recognized in the force 
variations due to the bluntness of probe as shown in Figure 3.13(d)-(f). The FFM 
measurements were made under precisely the same conditions for Figures 3.13(a), (b) 
and Figure 3.13(c), but the graphite rotated 6° anticlockwise and 25◦ clockwise. The 
rotation has induced the average friction force to reduce one order of magnitude to 1.00 ± 
0.28 nN. This variation was repeated when rotating the graphite sample in the opposite 
direction reduced the average friction force to 3.80 ± 0.66 nN. The area enclosed in the 
complete loop corresponds to the energy dissipated irreversibly during the loop, and the 
area divided by twice the loop width is the average, dissipative friction force. Several 
experiments and calculations have been probing the effects of lattice mismatch on 
friction, showing that incommensuracy often prevent global ingraining of large areas, 
thus attenuating the consequent strongly dissipative stick-slip motion. Theoretically, 
atomic-scale friction on ideal solid surfaces is often described by simple balls-and-
springs models such as the Tomlinson model, where a single atom, or a more structured 
tip, is dragged through a spring along a static periodic potential energy surface. 
 
 78 
Figure 3.11 Raman spectra (excitation at 633 nm) of graphene wrapped 
microsphere right before and after friction tests. 
 
Figure 3.12 Friction vs. applied load for graphene sliding on HOPG. 
The average friction forces measured of 140° sample rotation angles was listed in 
Figure 3.14. Two peaks were able to be recognized, while the distance between the two 
friction peaks is roughly 60°, which corresponds well with the 60° symmetry of 
individual atomic layers in the graphite lattice. As shown by experiments, friction is 
maximum at a highly commensurate contact (θ=0◦) and decreases rapidly as the HOPG 
rotates to incommensurate stacking. Friction force decreases by nearly one order of 
magnitude from the high friction θ=0◦ commensurate angle to the low friction θ<60◦ 
incommensurate one. This drop is smaller than was found by experiment, where it 
exceeded significantly one order of magnitude. In order to exclude instrumental artifacts, 
the friction values in Figure 3.14 were always measured for the same sliding direction 
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with respect to the substrate. The lattice related orientation variation in the friction force 
and the near varnishing of friction for most orientations constitute firm evidence of 
superlubricity between the AFM tip and the graphite lattice.  
 
 
Figure 3.13 Friction loops (black, trace; red, retrace) and lateral force image (trace), 
measured along the relative scanning direction orientation angles of 66° (a), (d) 
(Normal force FN= 20 nN); 60° (b), (e) (FN=26 nN); 85°(c), (f) (FN=30 nN). Image 
size is 10 nm×10 nm. 
Other graphitic systems have been found that show remarkable nanotribological 
properties, which might be attributed to superlubricity. Our results might explain the very 
low interwall friction between nested CNTs, observed in TEM experiments. In most 
cases, the inner and outer tubes in a multiwall CNT form an incommensurate graphitic 
system, similar to a few layer graphene that slides over a graphite surface. 
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Figure 3.14 Average friction forces versus rotation angle of the HOPG sample 
surface. Two peaks of high friction were observed with the interval of 60 degrees. 
3.2.4. Conclusion 
Using a robust CVD technique, thin layers of graphene with relative large grain 
size were grown on the nickel microsphere surface, as evidenced by the high resolution 
SEM image and Raman spectra. The graphene wrapped Ni microsphere was attached 
onto a tipless AFM probe for friction forces detection between graphene and HOPG 
surface. We have studied the energy dissipation between a few layer graphene sliding 
over a graphite surface. By measuring atomic-scale friction as a function of the rotational 
angle between two contacting bodies, we show that the origin of the ultralow friction of 
graphite lies in the incommensurability between rotated graphite layers, an effect 
proposed under the name of “superlubricity”. Two narrow peaks of high friction were 
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observed at 0 and 60◦, respectively. Between these peaks a wide angular range with 
ultralow friction close to the detection limit was found. 
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Chapter 4 
4.In situ Characterization of Interfacial 
Facture Toughness of Carbon Nanotube 
Reinforced Polymer Derived Ceramics 
Composite 
4.1. Introduction 
CNTs reinforced ceramic nanocomposites are being very actively pursued as 
potentially strong, tough, and lightweight materials in the last two decades[3, 110-113]. 
Intuitively, nanocomposites have a much larger fiber/matrix interface area, and much 
stronger, more-flexible reinforcements that could improve strength and toughness 
simultaneously, compared with traditional carbon fiber reinforced composites. However, 
it is disappointing to notice that only little or no improvement have been reported in 
CNTs/ceramic composite materials[114, 115], presumably due to the inhomogeneous 
dispersion of CNTs in the matrix and the poor interfacial connectivity between two 
phases[116]. Furthermore, whether composite fracture and damage mechanics at the 
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nanoscale differs from that at the micron-scale due to the near-atomic-scale is simply 
unknown. 
The toughening mechanisms of composites by micron-scale reinforcing fibers are 
now well established[117]. The first key characteristic is crack deflection at the 
fiber/matrix interface, which is observed by investigating cracks that grow transverse to 
the axial direction of the fibers. The fibers actually weaken the composite such that crack 
propagates easily. In addition, the fiber bridging of cracks that propagate perpendicular to 
the axial direction of the fibers is another hallmark. The fiber bridging force resulting 
from debonding and sliding resistance makes a great contribution to the strength and 
toughness. The third key characteristic is fiber pullout on the fracture surface, which 
demonstrates that the bridging fibers eventually fail away from the crack plane. The 
energy consumed by pulling the embedded fibers out against any residual frictional 
stresses at the interface would be a major contribution in improvement of fracture 
toughness of the brittle material. Only a few efforts have been devoted to understanding 
the CNTs/ceramics interface in the fracture process. Xia et al. directly observed the 
toughening mechanisms in CNTs alumina matrix composite by introducing controlled 
cracks under SEM[118]. Additionally, Yamamoto et al. claimed that MWCNTs broken in 
the outer shells and then the inner core was pulled away, leaving fragments of the outer 
shells in the alumina matrix[116]. And he also suggested that the use of MWNTs having 
a much higher load carrying capacity may lead to composites with higher fracture 
toughness[116]. 
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4.2. Single fiber pullout 
Mechanical properties of fiber-reinforced composites depend on not only the 
properties of the fibers and the matrix but also the fiber/matrix interfacial properties, 
which have a complex structure. Typically, in composites, the constituents do not 
dissolve or merge completely, and therefore, exhibit an interface between one another, 
which can be considered as a different material with different mechanical properties. The 
interfacial properties are determined by the material properties such as the adhesion of 
the fiber surface to the matrix, as well as the volume fraction. Therefore, the knowledge 
and understanding of the nature and mechanics of load transfer between the nanofiber 
and matrix and properties of the interface is critical for the manufacturing of 
mechanically superior carbon nanofiber-based composites, and will enable in tailoring of 
the interface for specific application or superior mechanical properties. One of the most 
important properties of the interface in a composite is the interfacial strength. Several 
techniques for measurement of interfacial strength, such as single fiber pullout or 
pushout, fragmentation, and Raman Spectroscopy, were used before. Among these 
techniques, single fiber pullout is preferred technique for interface characterization, 
because it provides a direct estimate of the interfacial strength. An advantage of the 
pullout test is that in addition to the interfacial bond strength and interfacial toughness, 
other interfacial properties such as the matrix shrinkage pressure on the filler, the 
interfacial shear stress and the work done in pulling out the filler from the matrix, can be 
determined. The last factor is important, since the significant increase in fracture 
toughness of fibrous composites has been attributed to the fiber pullout process during 
failure. 
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4.3. Experimental Methods 
MWCNTs were from Mitstui Corp., Japan, and lot No. 05072001K 28. The PDC 
precursor was prepared by mixing CSO-230 and CLC-PL005 platinum catalyst at a 
weight ratio of 100:1 (Extreme Environment Materials Solutions, LLC, and Saratoga 
Springs, NY). N-methylpyrrolidone (NMP) was from Alfa Aesar, Ward Hill, MA. 
Glycerol, isopropanol, trimethyl aluminum, and HPLC grade water were from Sigma 
Aldrich, St. Louis, MO. All materials were used as received without further purification. 
A spring like “push-pull” mechanism functioned micro-device which consists of 
three moveable shuttles attached to each other via inclined freestanding beams is shown 
in Figure 4.1. The pullout specimens used in this study are comprised of individual 
MWCNTs embedded in polymer derived ceramics films. The PDC precursor was 
prepared by mixing CSO-230 and CLC-PL005 platinum catalyst at a weight ratio of 
100:1. A thin fresh layer of viscous PDC precursor was first deposited on a small portion 
of sample stage shuttle. A droplet from the sonicated suspension of the MWCNTs in 
toluene was then dropped onto a Si wafer coated with a 5 nm thick layer of titanium. 
Individual nanotube of 100-300 nm diameter and 10-15 µm long was subsequently 
picked up and placed across the shuttles using micromanipulators housed within a probe 
station (The micromanipulator Co., Carson City, NV) under an optical microscope. The 
embedment length of the MWCNT was measured at this point by observation within a 
SEM. The micro-devices after sample loading were heated on a hot plate at 393 K for 
1800 s, following a robust pyrolysis procedure for ceramics formation. Specifically, the 
devices were placed in a tube furnace, and ramped at 10 K/min to 1273 K for 1800 s. The 
furnace atmosphere was controlled by blowing the forming gas (95% Ar and 5% H2) at 
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1000 cm
3
/min. The formed ceramic SixCyOz embedded one segment of the MWNT; the 
other end was subsequently clamped onto the device by electron beam induced deposition 
of platinum within a FIB chamber (FEI HELIOS 600). This process results in some Pt 
deposition on the exposed regions of the single MWNT, which naturally acts a 
geomorphic marker for pullout observation.  
 
Figure 4.1 SEM micrograph of a micro-fabricated device to perform the pullout 
experiments, and yellow arrows show the direction of movement of the indenter and 
the shuttles. 
The pullout experiments of MWNTs were conducted within a SEM (FEI Quanta 
400 high resolution field emission scanning electron microscope, FEI Company, 
Hillsboro, Oregon) equipped with an InSEM Indenter (AGILENT Technologies, Oak 
Ridge, Tennessee) system. A blunt Berkovich nanoindenter tip was used to apply load at 
a displacement rate of ~20 nm/s. The electron beam was focused on the MWNT 
specimens to monitor their pullout from the matrix in real time. During the experiment, 
the maximum load applied to the device ranged from 100 µN to 400 µN. After each 
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experiment, the pullout MWNTs length was quantified again to confirm all embedded 
sample was pulled out rather than fractured inside the matrix. 
4.4. Results and Discussion 
Application of µN-level loads resulted in the pull-out of the MWNT specimens 
from the ceramics matrix, as observed in the SEM snapshots extracted from the video 
recording of an illustrative test shown in Figure 4.2. A MWNT specimen of 102 nm in 
diameter with 6.14 µm embedded depth was gradually pulled out from the ceramic 
matrix. It was observed that interface failure initiates at the tube entry point and develops 
into an interfacial crack which propagates along the embedded tube length. The diameter 
difference of the MWNT before and after applying load is due to the atom diffusion when 
Pt deposition. Load applied to the samples and the sample displacements were derived 
from the nanoindenter load and the displacement data using a simple response subtraction 
method and image correlation techniques10. Figure 4.3 provides a representative load-
displacement plot. Essentially, it is observed that the response before reaching the 
maximum load was linear.  
MWNTs-PDC matrix interface is characterized by the critical shear stress needed 
to debond the interface and the possible subsequent shear resistance for a relative sliding 
of MWCNTs and ceramics. When the maximum shear stress reaches the interface shear 
strength (IFSS) τb, the debonding at the MWNT-PDC interface occurs, and then the 
MWNT is pulled out. Assuming perfect interfacial bonding and uniform shear stress 
distribution (i. e. no shear lag), the corresponding critical load is 
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Equation 4.1 The critical load calculation equation. 
where D is the diameter of the MWNT, and Lemb is the embedded depth in the matrix. 
The pullout force values that used to calculate the IFSS were listed in Table 4.1. It is 
observed that IFSS exhibits significant scatter and its average value of 61.0 ± 20.0 MPa 
reaches the theoretical τb between MWNT and ceramics reported in the range of 1-40 
MPa by Li et. al [119]and is the highest value reported in literature. 
Another approach for nanotube/ceramics composite interface failure analysis is 
the calculation of the interfacial fracture energy release rate. This failure criterion is 
based on the energy balance before and after interfacial failure. Jiang and Penn has 
developed a fracture mechanics model that the total energy is comprised of the strain 
energy in the non-embedded region of the tube and in the debonded portion, the work of 
friction, as well as the interfacial fracture energy[120]. The strain energy that is assumed 
to be used for finite size crack advancement occurring simultaneously with frictional 
energy dissipation at the interface was released at the instant of interfacial crack 
propagation by neglecting the thermal effect.  
The expression relates the critical load for interfacial crack advancement, Pc to 
geometrical parameters (r, R, l) and the elastic constant (Ef, Em, νm) of the nanotube and 
the matrix to the maximum interfacial fracture energy rate, Gc: 
   
  
         (
  
 ) 
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Equation 4.2 The maximum interfacial fracture energy rate calcualtion equation. 
where n is a utility constant defined as √
  
           
 
 
 
 , the subscript f and m denote the 
tube and the matrix, respectively, R denotes for the radical distance from the tube axis at 
which the shear stress in the matrix reduces to zero, l is the embedded length, a is the 
initial crack length at the interface, r stands for the MWNTs radius. 
 
Figure 4.2 SEM snapshots showing a single MWNT as it pulls out of a ceramic 
matrix at (a) t=0, (b) t=20s, (c) t=57s, and (d) t=306s, respectively. The experiment 
was conducted at an indenter displacement rate of 20 nm/s, and the yellow circle 
indicates the onset of MWNT pullout.  
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Figure 4.3 Representative load-extension curve for a specimen with 6.14µm 
embedment. 
The critical load for interfacial crack advancement is simply taken as the pullout 
force. Ef was found to be equal to 200 GPa[121], and the average value Em was found to 
be 78 GPa. The Poisson’s ratio of the PDC was set equal to 0.2. The diameter of the 
MWCNTs was calculated as 174 ± 88 nm. The initial crack length, a, was equal to zero at 
the critical load, and the pull-out process proceeded catastrophically without measurable 
frictional force. The stress transfer parameter R/r value ranging from 2 (a value typical 
for weak interfaces) to 9 (a value that would be typical for a strong interface)[122, 123]. 
Eq 2 provides an interfacial fracture release rate value for the MWNTs-PDC interface 
within the range of 5.0-44.5 J/m
2
. The large deviation originates primarily in variability 
in nanotube diameter rather than the choice of the value of the stress transfer parameter 
R/r (we used the average R/r=6 for the calculation).  
Some enhancement in the critical pulling force such as due to the radical 
compressive stress applied to MWNTs during high temperature ceramic pyrolysis and the 
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formation of interfacial phase between CNTs/PDC is expected for the high value of 
fracture energy release rate. The previous effort on interfacial fracture energy release rate 
has been focused on CNTs/polymer composite. Ganesan et al. quantified the interfacial 
fracture energy value for the pristine MWNT-Epon 828 interface within the range of 
0.05-0.25 J/m
2[121]
. The range for nanotube pull-out from a polyethylene-butene matrix 
was reported in 4-70 J/m
2[124]
. 
Embedded depth 
(nm) 
Outer diameter 
(nm) 
Critical pull-out 
force (mN) 
IFSS 
τb 
(MPa) 
Fracture 
energy  
release rate 
(J/m2) 
3870 186 0.163 72.0 22.58 
4913 295 0.380 83.5 44.48 
4945 114 0.073 41.7 4.997 
6138 102 0.092 46.8 6.416 
Table 4.1 Interfacial properties Obtained from single MWNT Pull-out Experiments. 
4.5. Discussion 
A novel technique which involves the usage of delicate micro-devices plus a 
quantitative nanoindenter system was used to perform in situ single MWNT pullout 
experiments in order to study the interfacial properties of a MWNT-polymer derived 
ceramics nanocomposite. Several successful pullout experiments allowed us to measure 
the interfacial fracture energy for the pristine MWNT-PDC interface. With regard to the 
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pristine MWNT-PDC interface, the interfacial fracture energy values were found to be 
considerably higher than those reported earlier for similar systems and those associated 
with conventional engineering composite systems. 
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Chapter 5 
5.Mechanical Characterization of Individual 
Functionalized Carbon Nanofibers 
5.1. Quantitative In-situ Mechanical Characterization of Effects of 
Chemical Functionalization on Individual Carbon Nanofibers 
5.1.1. Introduction 
The high strength-to-weight ratio combines with superior stiffness have made 
CNFs the material of choice for high performance composite structure in aerospace, 
defense, and other industries. The fact that CNFs can be produced in large quantity and at 
low cost is particularly attractive for these applications compared to carbon nanotubes. 
However, the challenges associates with CNFs dispersion and poor load transfer between 
CNFs and matrices have been a bottleneck for the development of CNFs based composite 
structures. One popular approach to address these issues and to improve the properties of 
CNFs based composites is to chemically modify the nanofiber surface with functional 
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groups. Therefore, an in-depth understanding of the structure and mechanical properties 
of the functionalized CNFs at a single fiber level would be a critical step to improve their 
integration into different matrices. Nevertheless, the mechanical properties of individual 
functionalized CNFs have not been systematically explored. 
Due to the lack of structural perfection and the existence of a complex hybrid 
structure[110, 125], it is extremely difficult to obtain theoretical prediction for CNFs 
strength without extensive simplifications and assumptions[126]. Furthermore, owing to 
the small sample size as well as the magnitude of the forces and the deformation 
involved, quantitative mechanical measurements of individual CNFs are considered 
extremely challenging. The most popular approach to these measurements is atomic force 
microscope (AFM) based bending test and many attempts have already been made to 
measure the elastic moduli of CNFs in this manner. The Young’s modulus of a suspended 
CNFs rope was determined to be 400 GPa by Kim et al.[127] Lawrence et al.[128] and 
Zhang et al.[129] obtained the elastic modulus of individual CNFs to be in the range of 6-
207 GPa and the average tensile modulus of single-walled carbon nanotube bundle to be 
265 GPa by using the similar technique. Furthermore, Zussman et al.[130] reported the 
mechanical properties of solid electronspun polyacrylonitrile (PAN)-derived CNFs: the 
failure stress of CNFs varied from 0.32 to 0.90 GPa and the average Young’s modulus 
was 63±7 GPa. In addition, Inaba et al. found the Young’s modulus to be 38-48 GPa for 
CNFs probes fabricated by the argon ion bombardment of carbon coated silicon 
cantilever[131]. However, the limitation of AFM based testing, such as poor accuracy 
and reproducibility, greatly hampers the mechanical measurement of individual CNFs.  
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MEMS offer a promising class of very small actuators and diagnostic tools for 
stretching nanomaterials under various mechanical and electromechanical loading 
conditions. The individual pristine, high temperature heat-treated and graphitized/surface 
oxidized vapor grown carbon nanofibers (VGCNFs) were evaluated for their elastic 
modulus and tensile strength by Ozkan et al. using a MEMS loading platform[132]. They 
claimed that the VGCNFs with diameters of the order of 150-300 nm had high tensile 
strengths between 2.74 GPa and 3.34 GPa, and Young’s modulus between 180 GPa and 
245 GPa. In addition, with the aid of the same MEMS system, Arshad et al. quantified 
the average tensile strength and the elastic modulus of the individual solid electrospun 
PAN-derived CNFs carbonized at 1673 K to be 3.5±0.6 GPa and 172±40 GPa, which 
were 6 and 3 times higher than the previous reports, respectively[130, 133, 134]. The 
electrospun CNFs is solid in the inner structure while the functionalized CNFs in this 
report are mostly hollow. 
5.1.2. CNFs Functionalization and Characterization 
In a typical fluorination process[135], 1.75 g of commercially available pristine 
CNFs (Pyrograf®-III, batch PR-19-XT-PS from PPI, Cedarville, Ohio) was loaded into a 
custom-built fluorination apparatus. The chamber was purged with the flow of helium 
while the temperature was ramped to 428 K. At this temperature, the fluorination was 
carried out for 16 hours by passing a 10% fluorine-90% helium gas mixture over the 
CNFs in the chamber. The unreacted F2 gas was absorbed into a trap containing aqueous 
solution of KOH. After cooling to the room temperature, 2.16 g of the fluorinated CNFs 
were produced, which resulted in the covalent addition of about 25wt% of fluorine on 
CNFs surface. 
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Amination of CNFs was carried out by analogy with the amino functionalization 
of fluorinated CNTs[136]. 2.0 g of fluorinated CNFs, 20 cm
3
 of ethylenediamine, and 
200 cm
3
 of DMF were placed into a 500 cm
3
 three-neck flask, equipped with the 
thermometer and condenser, and then 1 cm
3
 of pyridine was added. The mixture was 
stirred overnight at 363 K under nitrogen. After cooling down to the room temperature, 
the mixture was filtered through a 220 nm Teflon membrane (Millipore, Billerica, MA) 
and the residue on the membrane washed with ethyl alcohol, then dried overnight at 343 
K in vacuum oven.  As the result, 1.85 g of amino-functionalized CNFs was prepared. 
In order to confirm the effective functionalization by fluorination and subsequent 
amination, and also to evaluate the concentration of the fluorine and amino groups on 
CNFs surfaces, the bonding nature of carbon in functionalized CNFs, and finally the 
effects of fluorination and amination on CNFs structures, a series of careful 
investigations utilizing attenuated total reflectance Fourier transform infrared 
spectroscopy (ATR-FTIR), X-ray photoelectron spectroscopy (XPS) and Raman 
spectroscopy, Thermogravimetric analyzer (TGA), X-ray diffraction (XRD) were 
conducted. ATR-FTIR spectra were collected using a Ge crystal attachment at Nicolet 
4700 spectrometer. XPS measurements were made using a PHI 5700 with Al Kα X-rays 
(1486.6 eV) at a maximum pressure of 5.33 x 10
-6 
Pa. Raman spectroscopic 
measurements were collected with a Renishaw 1000 microraman system operating with a 
532 nm laser source. TGA was performed in flowing air on a TA Instruments Q500 by 
heating the sample from 293 to 1273 K using a ramp rate of 10 K/min. XRD patterns of 
powder samples deposited on a zero-background quartz crystal plate were collected on a 
Siemens D5000 using a Cu Kα source (λ=0.154 nm). 
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The ATR-FTIR spectroscopy provided information on structural nature and 
vibrational properties of functional groups covalently bonded to CNFs surface (Figure 
5.1). In the ATR-FTIR spectrum of fluorinated CNFs (Figure 5.1(a)) the highest intensity 
band at ~1200 cm
-1
 characterized the stretching modes of C-F and CF2 groups, while the 
band at ~700 cm
-1
 belonged to deformation modes of these groups. The medium intensity 
band at ~1560 cm
-1
 was related to activated C=C stretching mode of the CNFs surface. 
Such spectroscopic “fingerprints” were similar to those observed in fluorinated carbon 
nanotubes[135, 136]. The ATR-FTIR spectrum of amino-functionalized CNFs sample 
(Figure 5.1(b)) showed a broad band centered at ~3070 cm
-1
 which was crucial for 
identification of NH and NH2 groups (N-H stretches). Deformation modes of these 
groups appeared in this spectrum at ~1560 and ~1520 cm
-1
, as well as twisting mode at 
~714 cm
-1
. Weaker bands near 2830 cm
-1
 characterized C-H stretches and broad band at 
~1100 cm
-1
 has been associated with the C-C and C-N stretches of the ethylenediamino 
groups bonded to CNFs surface. In comparison, the FTIR spectrum of pristine CNFs 
(Figure 5.1(c)) did not show a distinct features of surface bonded and IR active groups. 
We also compared the results of TGA study of three types of CNFs. The complete 
weight loss of pristine CNFs due to thermal oxidation of CNFs and volatilization of 
products was observed above 873 K. For fluorinated CNFs, the weight loss of ~28% was 
observed to take place in the temperature range of 523-823 K. From previous studies of 
other fluorinated carbon materials, such as graphite and carbon nanotubes, it was known 
that fluorocarbons eliminated fluorine groups in the form of CF4 and COF2 molecules 
(when air is present). Taking this into account, the weight content of fluorine groups in 
the CNFs was calculated as ~24.7%, which was in good agreement with the observed 
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weight gain of ~25-26% occurring after fluorination of CNFs. In comparison, amino-
functionalized CNFs exhibited weight loss of about 20% in a narrow temperature range 
of 453-523 K, which was similar to carbon nanotubes that were also functionalized with 
ethylene diamine through reaction with fluorinated derivatives. Elemental analysis by 
XPS showed atomic concentration (at%) on the surface of functionalized CNFs as 
follows: fluorinated CNFs, C (50.8), O (4.2), F (45.0); amino-functionalized CNFs, C 
(70.0), N (13.3), O (7.6), F (9.1). The covalent bonding of fluorine to the CNFs was 
evidenced by observation of the F1s peak in the XPS spectra at binding energies of 
687.4-687.8 eV which is typically observed for fluorine covalently bonded to carbon.  
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Figure 5.1 (a) ATR-FTIR spectra of fluorinated CNFs (a), amino-functionalized 
CNFs (b) and pristine CNFs (c). 
 
Figure 5.2 Raman spectra of pristine, fluorinated and amino-functionalized CNFs.  
Raman spectroscopy provided essential information to evaluate the bonding states 
of carbons in the fiber structure changed by fluorination and amination. The Raman 
spectra collected from the pristine, fluorinated as well as the amino-functionalized CNFs 
were shown here (Figure 5.2). In the spectrum of the pristine CNFs, a strong and sharp 
peak at 1575 cm
-1
 (G band) corresponded to the in-plane stretching vibration of the sp
2
 
carbon-carbon bonds within the ordered graphitic layers of fibers, while another strong 
peak at 1327 cm
-1
 (D band) was related to the defects in the graphene structure. A weaker 
peak at 2650 cm
-1
 (D’ band) reflected the boundary point K in Brillouin zone of graphite 
and was dependent upon the packing in three-dimensional space[137]. For the fluorinated 
CNFs, the Raman “red shift” in G (1575 cm-1 to 1586 cm-1) and D’ (2650 cm-1 to 2663 
cm
-1
) bands occurred due to the difference in microstructure, such as the interlayer 
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distance. Another thing worth mentioning was that the D’ shift could be due to the 
introduced compressive force on the fiber surface[52], which was also evidenced by 
TEM images later. In comparison, the G and D’ bands shifted back to pristine fiber’s 
positions after grafting amino functional group.  
Significant changes in the structure of CNFs caused by the functionalization were 
detected through XRD measurements. As comparison of XRD patterns (Figure 5.3), the 
fluorination of CNFs caused the appearance of a very broad new feature in the XRD of 
the fluorinated CNFs centered at 2θ= 13.5°, as found by the curve-fitting analysis, in 
addition to a typical graphite (002) peak at 2θ= 26.32°. Based on XPS surface analysis, 
the outer layers of the fluorinated CNFs were built from fluorographene layers of C1F1 
composition. According to the calculation from XRD value of interlayer distance, these 
layers were separated by d-spacing equal to 0.657 nm which matched the interplanar d-
spacing in fluorographite CF1.12 (0.57-0.66 nm), indicating strong repulsive interactions 
between curved fluorographene layers in fluorinated CNFs.  
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Figure 5.3 XRD patterns of Pristine, Fluorinated, and Amino-functionalized CNFs. 
XPS data also showed that although reaction of fluorinated CNFs with 
ethylenediamine resulted in grafting of –NHCH2CH2NH2 groups to the surface of CNFs, 
complete removal of fluorine did not take place, so about 9 at% fluorine still remained 
bonded in the structure. Nevertheless, such defluorination of the fluorinated CNFs 
produced a significant decrease of interlayer spacing since stoichiometry of 
fluorographene layers in amino-functionalized CNFs became reduced from C1F1 to 
approximately C5F and below, as calculated from XPS elemental analysis data. It was 
witnessed by complete disappearance of a low angle peak observed on the fluorinated 
CNFs and appearance of new sharp peaks at 2θ= 16.14, 19.1, and 20.48°, along with the 
peak of neat CNFs at 2θ= 26.32° (Figure 5.3) which corresponded to d-spacing of 0.535, 
0.464, 0.433, and 0.338 nm, respectively. 
5.1.3. Tensile testing technique 
The details about the micro-device fabrication using standard photolithography 
techniques were discussed earlier[138]. In conjunction with a quantitative nanoindenter 
within an SEM/TEM chamber, the micro-device was employed to perform in situ tensile 
tests on 1-D nanoscale specimens[138-141]. A thin fresh layer of epoxy (HARDMAN 
Water-Clear Epoxy) was first deposited on a small portion of sample stage shuttle. A 
droplet from the sonicated suspension of the CNFs in toluene was dropped onto a Si 
wafer coated with a 5 nm thick layer of titanium. Individual nanofiber of 200-250 nm 
diameters was subsequently picked up and placed across the shuttles using 
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micromanipulators housed within a probe station (The micromanipulator Co., Carson 
City, NV) under an optical microscope. 
Uniaxial tensile experiments of individual pristine, fluorinated and amino-functionalized 
CNFs were conducted within a SEM (FEI Quanta 400 high resolution field emission 
scanning electron microscope, FEI Company, Hillsboro, Oregon) equipped with an 
InSEM Indenter (AGILENT Technologies, Oak Ridge, Tennessee) system (see Figure 
5.4). A blunt Berkovich nanoindenter tip was used to apply load at a displacement rate of 
~20 nm/s. The maximum load applied to the device ranged from 0.3 mN to 0.5 mN. After 
each experiment, both ends of the ruptured CNFs were imaged by SEM at higher 
magnification to identify the fracture mode. Since it was not always possible to 
accurately measure the inner radius of the hollow CNFs, our analysis employs solely the 
outer CNFs diameter to estimate the nominal fiber strength. Due to the relative low 
stiffness of epoxy clamps, the displacement of the deformable epoxy clamps during 
testing need to be carefully considered. To ensure the accuracy of displacement 
measurement, a digital image correlation method was utilized, and all results reported in 
this work have been corrected by this technique. 
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Figure 5.4 (a) Image show InSEM
TM
 indenter extension axis and (b) nanoindenter 
module within SEM chamber, DCM head cover and head pins for protection of 
indenter. 
5.1.4. Mechanical Testing Results and Discussion 
With the successful functionalization of CNFs by fluorine and amino groups 
along with the corresponding chemical characterizations completed, quantitative in situ 
tensile testing method as described was employed to investigate the mechanical 
consequences of such chemical treatments on individual CNFs. At least 10 samples for 
each type of CNFs were successfully tested and the deformation and fracture of 
individual CNFs were closely monitored by real time SEM imaging. A simple micro-
fabricated device (see Figure 5.5) that works in conjunction with a quantitative 
nanoindenter within an SEM/TEM chamber was used to perform in situ tensile tests on 
functionalized CNFs. Loads applied to the samples and the sample elongations were 
derived from the nanoindenter load and the displacement data using a simple response 
subtraction method and image correlation techniques[139]. The SEM snapshots of the 
pristine, fluorinated and amino-functionalized CNFs during tension and after failure 
(Figure 5.6) as well as the selected stress versus strain curves of three different types of 
CNFs (Figure 5.7) exhibit an initial gradual change in the fiber stiffness. It is due to the 
fiber waviness in its natural state after sample mounting, and the sample would need to be 
first pulled straight before any load application can occur. The rest of stress-strain curves 
show a typical linear elastic deformation behavior observed in carbon nanotubes and 
similar 1-D nanomaterials. It is evident that the strength of fibers increased dramatically 
after the fluorination but dropped back to the similar level as the pristine CNFs after 
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further partial defluorination and grafting of ethylenediamino functional groups (Table 
5.1). These obtained strength values also compare favorably with the limited data 
available in the literature from direct measurements of individual CNFs[132].  
 
Figure 5.5 SEM image of the In situ tensile test platform: block arrows show the 
direction of movement of the indenter tip and the shuttles during the experiment; 
(Inset) close up view of rectangle region showing a CNFs specimen across the 
sample stage shuttle gap. 
Due to the stochastic nature of the mechanical properties measured for CNFs, a 
probabilistic analysis using two parameter Weibull cumulative probability density 
function was applied to evaluate the tensile strength of CNFs: 
 
Equation 5.1 The Weibull probability function. 
0
( ) 1 exp( ( ) )mfP



  
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where σ, is the applied stress resulting in a probability of failure, Pf(σ), m is the Weibull 
modulus, which provide a measure of the scatter in the strength data, and σ0 is the 
material stress parameter. The Weibull parameters were computed by the method 
reported by Klein. Specifically, ranking the failure stresses (σi) in the ascending order 
(i=1, 2,…n) and assigning probabilities of failure according to Pi=(i-0.5)/n, where n is the 
number of broken specimens, are the initial task to estimate the cumulative failure 
probability from the available failure-stress data. Subsequently, a linear curve fitting with 
a logarithmic axis was performed for data collected from all three types of CNFs to 
obtain the corresponding Weibull parameters as listed in Table 5.1. 
In the study of Endo et al., the majority of fiber strength values for VGCNFs 
diameter between 300-1000 nm are in the range of 500-1000 MPa, and the mechanical 
strength of VGCNFs is found to be inversely related to the diameter size[142]. The trends 
proposed by them could predict the higher strengths measured in this study, in which the 
size of three types of CNFs ranged between 200 and 250 nm. Compared to the pristine 
CNFs, the other two functionalized CNFs have relatively small Weibull moduli which 
indicate the presence of a broader spectrum of flaws[143]. The characteristic strength of 
the pristine CNFs is 2.10 GPa compared to 3.05 GPa for the fluorinated CNFs, see Table 
5.1. The negative effect of partial defluorination and further amino functional group 
grafting on the average CNFs strength is evidenced by the fact that the characteristic 
strength decreases significantly to 1.94 GPa, even lower than that of the pristine CNFs. 
The great decrease of characteristic strength reveals a dramatic increase in the average 
size of the catastrophic flaws after amnino functionalization. On the other hand, the 
greater variability of the strength and the smaller Weibull modulus for the fluorinated 
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CNFs suggest that the fluorination increases the randomness in the distribution and 
variability of flaw size. Finally, the elastic modulus measured for different CNFs samples 
follow the similar trend. These results are comparable with the elastic modulus of 
amorphous and hollow CNFs based probes calculated to be 42GPa[131]. 
Sample 
Diameter 
(nm) 
Modulus, 
m 
Strength, 
σ0 (GPa) 
E (GPa) 
Strength 
(GPa) 
Strain 
Pristine 
CNFs 
210±30 3.39 2.10 25.8±3.3 1.89±0.66 0.063±0.021 
Fluorinated 
CNFs 
221±25 2.83 3.05 45.8±10.2 2.67±0.94 0.057±0.015 
Amino-F 
CNFs 
215±38 3.13 1.94 31.6±13.8 1.75±0.68 0.053±0.013 
Table 5.1 Weibull parameters, elastic moduli and mean strength as well as strain for 
three types of CNFs. 
 
(a) Pristine CNFs 
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(b) Fluorinated CNFs 
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6) (c) Amino-Functionalized CNFs 
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Figure 5.6 (a) SEM Snapshots show a pristine CNFs specimen undergoing 
deformation and failure under a tensile test at (1) t=0, (2) t=10, (3) t=19, (4) t=30s. 
(b) SEM Snapshots show a fluorinated CNFs specimen undergoing deformation and 
failure under a tensile test at (1) t=0, (2) t=27, (3) t=61, (4) t=99s. (c) SEM Snapshots 
show an amino-functionalized CNFs specimen undergoing deformation and failure 
under a tensile test at (1) t=0, (2) t=20, (3) t=40, (4) t=60s.  
Next, fracture modes of the CNFs were studied by high resolution SEM imaging 
of the fracture surfaces. The close up views of fracture specimens of the pristine (Figure 
5.8(a)), fluorinated (Figure 5.8(b)) and amino-functionalized (Figure 5.8(c)) CNFs 
demonstrate that all three types of fiber failed in the similar cup-and-cone fashion 
reported earlier[132, 144, 145]. Suzuki observed the cup-shaped morphology in the 
fractured ends of the CNFs, and he claimed that the relatively weak interlayer bonding 
was responsible for the observed breakdown[144]. Brown et al. applied about 5% strain 
on fibers made of CNTs within amorphous carbon resulted in a permanent damage to its 
outer shells, giving rise to the plastic deformation until the outer shell eventually 
fractured and the inner layers nearly pulled out[145]. In this study, due to the turbostratic 
nature of CNFs walls, it is hypothesized that fracture begins in the outer layers where 
carbon structure is more disordered. Therefore, failure could initiate in the outer fiber 
layers with subsequent sliding of the inner graphitic layers, leading to the complete final 
fracture of the whole fiber. 
The fine details of the cone structures in the pristine, fluorinated and amino-
functionalized CNFs were further revealed by HRTEM images (Figure 5.9). It was found 
that the diameter of the hollow core remained unchanged in the cone section for the 
pristine (Figure 5.9(a)) and amino-functionalized (Figure 5.9(c)) CNFs, compared to the 
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fiber section without broken out layers further away from the fracture surface. 
Surprisingly, such well-expected morphology changed drastically in the fluorinated 
CNFs, where the diameter of the hollow core in the cone section expanded almost 5 times 
as compared to the hollow core diameter in the fiber section away from the fracture 
surface (Figure 5.9(b)). Also apparent from the insets of these HRTEM images, the inner 
carbon layers of all CNFs appeared to be more ordered as clearly shown in the magnified 
view of layer structures in the cone sections (Figure 5.9 insets). 
 
 
Figure 5.7 (a) selected tensile test engineering stress versus strain curves for pristine 
CNFs samples, (b) selected tensile test engineering stress versus strain curves for 
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fluorinated CNFs samples, (c) selected tensile test engineering stress versus strain 
curves for amino-functionalized CNFs samples. 
 
 
Figure 5.8 Representative SEM images of ruptured surfaces of (a) Pristine CNFs, 
(b) Fluorinated CNFs (c) Amino-functionalized CNFs. 
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Figure 5.9 (a) HRTEM image of the pristine CNF fracture surface. The diameter of 
the hollow core kept the same in both cone and intact fiber sections after failure, the 
inset in bottom right corner showed more ordered inner layers of the pristine CNF. 
(b) HRTEM images of the fluorinated CNF fracture surface clearly showing the 
dramatic change of hollow core diameter from the cone to intact fiber section. The 
top inset showed a schematic illustration of the hollow core diameter change before 
and after fluorinated CNF fracture and the bottom inset showed more ordered 
inner layers of the fluorinated CNF. (c) HRTEM images of the amino-functionalized 
CNF fracture surface. The diameter of hollow core kept the same after failure in 
cone and intact fiber sections, the inset showed more ordered inner layers of the 
amino-functionalized CNF. 
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In order to better understand these intriguing fracture processes in CNFs with 
different chemical functionalization treatments, we need to first carefully evaluate the 
resulting structures of these functionalized CNFs. A simple schematic illustration of the 
complete fluorination and amination processes of CNFs is shown in (Scheme 5.1) to 
facilitate our understandings. For better illustration of the fluorinated CNFs structure, the 
distance between the fluorine atoms and fiber surface are exaggerated while the bold 
segments represent the fluorocarbons layers. During the fluorination process, previous 
XPS studies have shown that most of the fluorine atoms are expected to bond covalently 
on CNFs’ outer layers. It should be noted that the hollow core can shrink due to the 
repulsive interaction of thicker fluorocarbons layers which is mostly directed inward. 
Such phenomenon has already been reported by Liu et al. where a similar fluorination 
method was used for the treatment of carbon nano-onions[146]. It was found that the 
fluorination process disrupted the integrity of the graphene layers in the onions by 
formation of fluorographene segments which compressed their interior structure, while 
the subsequent de-fluorination of carbon nano-onions by hydrazine treatment resulted in 
remarkable “healing” of broken graphene layers which recovered the original inner 
structure. In our case, it is believed that the diameter of the hollow core has been mostly 
recovered after defluorination and grafting of ethylenediamion groups predominantly to 
the CNFs surfaces as shown in Scheme 5.1. 
Therefore, a possible scenario was proposed that the compressive force could be 
introduced on CNFs surfaces during the fluorination owing to the repulsive interactions 
of outer fluorocarbon layers, which could not only lead to a smaller hollow core diameter 
but also positively improve the nominal mechanical strength of the fluorinated CNFs. In 
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fact, such improvements were indeed observed in both average strength and Weibull 
characteristic strength values of fluorinated CNFs (Table 5.1). When the failure initiated 
at the less ordered outer layers as discussed earlier and then grew inward, the cup-and-
cone type of fracture would develop facilitated by the relative sliding of more ordered 
inner layers with respect to the outer layers. Once the fluorinated CNFs fractured, the 
break-off of the outer layers in the cone side of the fracture surface would release the 
compressive force causing an abrupt hollow core expansion as observed in Figure 5.9(b). 
In the subsequent amino-functionalization procedures, the fluorination induced 
compressive force on CNFs surfaces was mostly released due to the de-fluorination 
process while further grafting of amino functional groups had minimum impact on CNFs 
hollow core size, promoting the recovery of hollow core size for amino-functionalized 
CNFs. This change was reflected by the similar fracture surface features (Figure 5.9(a) 
and (c)) and the average strength in the similar level (Table 5.1), although the strength of 
amino-functionalized CNFs was slightly lower due to the inevitable disruption of the 
CNFs surfaces and introduction of additional defects during the functionalization 
procedures. 
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Scheme 5.1 Schematic illustration of the complete functionalization process for 
CNFs, note that the hollow core shrinks after fluorination and recovers after 
defluorination associated with amino-functionalization. 
5.2. Conclusion 
Successful fluorination and amination of CNFs were first achieved and systematic 
chemical characterizations of functionalized CNFs were performed. An in situ tensile 
testing method, which combined a simple micro-fabricated device with a quantitative 
nanoindenter inside a scanning electron microscope (SEM) chamber, was subsequently 
employed to measure mechanical properties of individual pristine, fluorinated and amino-
functionalized CNFs. The nominal CNFs strengths followed the Weibull distribution with 
characteristic strengths between 1.94 and 3.05 GPa, and the fluorinated CNFs were found 
to possess higher nominal strength but similar strain compared with the pristine as well as 
the amino-functionalized CNFs. The relatively small Weibull moduli indicated a broad 
spectrum of flaws induced during functionalization for fluorinated and amino-treated 
CNFs. Further, SEM fracture surfaces analysis showed that all nanofibers failed in a 
similar cup-and-cone fashion. High resolution transmission electron microscope 
(HRTEM) of fluorinated CNFs revealed an unexpected change of the inner chamber 
before and after fiber fracture, which was attributed to the possible effects of fluorination-
induced compression on nanofiber surfaces. The results demonstrated the potential of 
fluorination on improving both the mechanical properties of CNFs and their successful 
integration into composites.  
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Chapter 6 
6.Concluding Remarks 
6.1. Conclusion 
The adhesion and tribological behaviors of aligned carbon nanotube arrays with 
different orientations and graphene nanoribbons with distinct functional groups were 
quantified using AFM/LFM under controlled environments. It was found that the 
adhesion forces on a transversely aligned CNTs surface are lower than those on a 
vertically aligned CNTs surface; the trend shows that the adhesion forces drop as the 
relative humidity decreases. Similarly, the friction forces are lower for transversely 
aligned CNTs side than for vertically aligned CNTs side in all above environments. The 
friction force was found to be critically influenced by the relative humidity; with 
decreasing relative humidity the friction force drops. For three types of chemically 
treated GNRs, measurements in both ambient and low humidity conditions demonstrate 
that covalently bonded functional groups have a significant impact on the frictional 
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response of GNRs. The measured tip-sample adhesion forces seem to support the 
observed friction force dependence on functionalizations, and the friction and adhesion 
differences could also be attributed to the surface reactivity and hydrophilicity 
differences induced by different chemical functionalization schemes. 
We have developed a Peierls-type mechanistic study to elucidate the atomic 
frictional behavior from the initiation and spatiotemporal evolution of interface defects 
and lattice slip. Particularly, we found the temperature- and velocity-dependence of 
frictional behavior from the connection between activation energy calculations and 
spatially nonuniform rate-limiting process. The tunable friction force between two 
kindred materials, CVD grown graphene and HOPG, was realized by altering the relative 
rotation angle. We identified two narrow angular regions with high friction, separated by 
a wide angular interval with low friction. The distance between the two friction peaks is 
61◦, which corresponds well with the 60◦ symmetry of individual atomic layers in the 
graphite lattice. 
In addition, the development and application of a novel technique for mechanical 
characterization of nanomaterials and interfaces within an electron microscope was 
described in detail. The devices were first used to perform single MWNTs pullout 
experiments within a scanning electron microscope, in order to study the nature of 
adhesion at the MWNTs/polymer derived ceramics nanocomposite interface. The results 
of the pullout experiments showed that the interfacial strength (and toughness) of the 
pristine MWNTs/PDC interface was considerably higher than for conventional 
engineering composite systems. The calculated fracture energy release rate is in the range 
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of 5-44 J/m
2
. The technique was subsequently used for the in situ quantitative tensile 
testing of individual functionalized carbon nanofibers. The nominal CNFs strengths 
follow the Weibull distribution with characteristic strengths between 1.94~3.05 GPa, and 
the fluorinated CNFs are found to possess higher nominal strength but similar strain 
compared with the pristine as well as the amino-functionalized CNFs. The relatively 
small Weibull moduli reflect a broad spectrum of flaws induced during functionalization 
for fluorinated and amino-treated CNFs. Further, SEM fracture surfaces analysis show 
that all nanofibers failed in a similar cup-and-cone fashion. HRTEM) image of 
fluorinated CNFs reveals an unexpected change of the hollow core before and after fiber 
fracture, which is attributed to the possible effects of fluorination-induced compression 
on nanofiber surfaces. 
Even though there exists more than a decade’s worth of research pertaining to the 
mechanical properties of CNTs/CNFs and the interfacial properties and related load 
transfer mechanisms in CNTs/CNFs reinforced nanocomposites, our ability to engineer 
CNTs/CNFs based structural composites to achieve the desired properties still remains 
rather limited. The novel technique described in this dissertation was developed in order 
to alleviate the issues of solid understanding of CNTs/CNFs deformation and interfacial 
processes. Look forward, the author envisions the technique being used as a robust tool 
for studying novel reinforcement materials and for interface tailoring.  
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